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ABSTRACT 
Fishes make up the most abundant class of vertebrates, both 
in terms of number of species and of individuals. They exhibit 
enormous diversity not only in size, shape and biology but also in the 
habitats they occupy. There are about 450 families of freshwater 
fishes globally. Roughly 40 are represented in India. About 25 of 
these families contain commercially important species. Snakehead 
fishes or Murrels are members of family Channidae and are native to 
Asia, Malaysia, Indonesia and Africa. Snakeheads are air-breathing 
fishes, several capable of overland migrations and are distinguished 
by their somewhat elongated and cylindrical bodies, the presence of 
large scales on the head, flattened heads, and dorso-lateral eyes on 
the anterior part of the head. They have supra branchial chambers 
for aerial respiration with the ventral aorta divided into two parts to 
permit bimodal respiration. 
Most Channid species are important food fishes in southern 
Asia and China and the flesh is considered a delicacy. Murrels are 
also considered potential candidate species for diversification of 
aquaculture. Some medium to large species are cultured in ponds or 
in cages set in slow running rivers. The systematics of family 
Channidae is a matter of continuing debate, especially because of the 
similarities in their external morphology and internal anatomy. 
Morphological and physiological data have produced inconclusive 
taxonomies. Among murrels, large sized Channa marulius is the most 
important due to consumer preference and high market price. It is 
considered as an important food fish and a significant component of 
freshwater fishery. It is somewhat cosmopolitan in distribution with 
native range extending from tropical to temperate climates. C. 
marulius has a wide distribution occurring in almost all states of 
India, Sri Lanka, Bangladesh, Pakistan, Burma and Thailand. In 
India, it is found in freshwaters of West Bengal, Uttar Pradesh, 
Madhya Pradesh, Bihar, Punjab, Orrissa, Maharashtra, Gujrat, 
Andhra Pradesh, Tamil Nadu, Karnatka and Kerala. 
Channa marulius is reported to be the largest in family 
Channidae, reaching a length of 120-122 cm. Dark spots are seen on 
the lateral sides of the body and 4-6 round black blotches followed by 
white spots, little below the lateral line are also present. A large black 
prominent ocellus with white or orange boundary at upper part of the 
base of caudal fin characterizes the species. The accessory 
respiratory organs of the pharyngeal region are well developed in C 
.m.arulius and these serve as air sacs to breath atmospheric oxygen. 
C. marulius constitutes the mainstay of wild freshwater fisheries in 
India, especially in peninsular region. The culture of this giant murrel 
has not been traditionally popular for its highly voracious feeding 
habits in tertiary level. Pronounced cannibalism and heavy mortality, 
right from earlier stages of life, are primary factors for unsuccessful 
culture. Being a local migrant, it travels for a short distance for the 
purpose of feeding or for locating suitable breeding grounds or in 
search of new water bodies to avoid stress conditions of existing 
ecosystem. 
The fish is considered as a potential aquaculture species 
in addition to an important capture fishery resource. Due to declining 
abundance of C. marulius in wild, the fish has been assessed at lower 
risk- near threatened (LRnt) status. Understanding of population 
genetic structure of a species provides critical information for 
developing conservation and management strategies for natural fish 
populations as well as fishes having threatened status. In addition to 
protein and nuclear DNA markers, different mtDNA gene sequences 
have been used to determine variation at interspecific and 
intraspecific levels in fishes. The fast rate of mtDNA evolution coupled 
with maternal inheritance have made mtDNA an extremely useful 
genetic system for studying gene flow, hybrid zones, population 
structure and other population related questions. 
Murrels are considered potential candidate species for 
diversification of aquaculture and Channa marulius which is most 
important due to consumer preference and high market price. The 
identification of molecular markers and documentation of genetic 
diversity of Channa marulius is, therefore, important considering that 
such information is valuable in breeding programmes, genetic stock 
identification and fishery management, besides to provide insight into 
evolutionary genetics of species. Stock identification will improve our 
understanding about the genetic structure of natural populations. 
This information is helpful in decision making during introduction or 
rehabilitation of a declining or threatened stock. To fill the knowledge 
gap on population genetic structure of wild C. marulius, the present 
study has been undertaken with the objectives given below: 
a) Identification of Polymorphic Mitochondrial DNA (mtDNA) 
markers in Channa marulius. 
b) Analysis of genetic diversity in natural population of Channa 
marulius using mtDNA markers. 
c) Identification and Characterization of Microsatellite DNA 
markers in Channa marulius. 
The treatise consists of 7 chapters, 24 figures and 8 tables in support 
of the text. The study is summarised as follows: 
• Samples of mature C.marulius were collected from major river 
systems of northern India during the period of study. Blood 
was extracted through caudal puncture and fixed in 95% 
ethanol. 
• Total Genomic DNA was isolated and amplified using Universal 
Primers for mtDNA Cytochrome b and ATPase 8 and ATPase 6 
regions respectively. The purified PCR Product was sequenced 
on an automated DNA sequencer.DNA sequences were aligned 
and then analysed for genetic variation using relevant 
softwares. 
Analysis of partial Cytochrome b region revealed the suitability 
of this region in determining the genetic diversity in C.marulius 
population. Results obtained also demonstrated that partial 
mtDNA Cytochrome b fragment (307 bp) is a potential marker 
for studying variation both within as well as among populations 
in C marulius. 
Analysis of Molecular Variance (AMOVA) for Cytochrome b 
region within 15 populations revealed that out of total 
variation, 84.69% of variation was seen among the populations 
and within the population, variation was approximately 15%. 
Population structuring was revealed by Fst value of 0. 84. 
Samples from river Brahmaputra, Yamuna, Mahanadi and 
Teesta exhibited population specific haplotypes. Most common 
haplotype was found across 5 populations namely Ganga, 
Sone, Sindh, Chambal and Tons. Total 34 variable sites were 
identified and 18 of them were parsimony informative. 
The present study also evaluated the potential of complete 
ATPase region of mitochondrial DNA as a marker region to 
determine the phylogeography of C marulius from Indian rivers. 
• 
The results revealed that 842 bp of ATPase 6 /8 region could be 
a promising marker for determining variations at 
interpopulation as well as intrapopulation levels in wild 
C.marlius. 
AMOVA analysis for ATPase region within 15 populations 
revealed that out of total variation, 63.78% was seen among 
populations and 14.49% variation was present within 
populations. Fst value of 0.584 revealed population 
structuring. 
Samples from river Ganga, Gomti 1, Tons, Sone, Sharda, 
Sindh, Chambal, Brahmaputra, Teestal862 and Mahanadi 
showed the presence of unique haplotypes. Most common 
haplotype was found across 12 populations except Son, 
Chamabal and Teesta 2. Total 47 variable sites were identified 
out of which 23 were parsimony informative. 
In our study, ATPase 8 and 6 genes not only expressed 
intraspecific diversity but were also able to resolute haplotypes 
in each population as well as variation in the progeny. Also it 
detected the native haplotypes present in each population. 
However on a finer level it was less effective in resolving 
populations having recent evolutionary history. Our findings 
demonstrated the utility of this otherwise less studied region of 
mtDNA for population genetics, conservation and management 
of wild C.marulius fishery. 
Overall, results from Cytochrome b as well as ATPase region 
analysis, when put together, revealed the presence of 10 
distinct genetic stocks of Channa marulius present in Indian 
rivers. These stocks were the populations from following rivers: 
Ganga, Gomti, Teestal, Teesta2, Brahmaputra, Yamuna, Sone, 
Tons, Chambal and Mahanadi. 
In order to obtain basal information on micro satellite repeats in 
C. marulius, an enriched genomic library was constructed. Out 
of 200 plasmids screened, 44 clones confirmed the presence of 
an insert. Sequencing of 44 clones yielded 6 microsatellite 
repeats. 
5 out of 6 repeats were found to have optimum flanking 
sequences for primer designing and the primers were tested in 
Channa marulius and related species like Channa punctatus, 
Channa striatus, Channa gachua and Channa orientalis. The 
primers amplified successfully in C.marulius and also cross 
amplified homologous loci in other Channa species.One locus 
CML-93 was also found to be polymorphic, when tested across 
2 different populations. 
The results indicated that these specific microsatellite loci 
identified in C.marulius have potential in use for genetic 
diversity studies of wild populations. 
In conclusion, present work is the first comprehensive study on 
identification of molecular markers and genetic diversity of 
commercially important murrel C.marulius in wild. The 
mitochondrial DNA analysis using Cytochrome b and ATPase 8 
and 6 genes determined the presence of at least 10 genetic 
stocks. The high level of differentiation observed appear to be a 
likely phenomenon in view of biology of this fish. 
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1.1 Importance and Scope of Fish and Fisheries 
Fishes make u p the most a b u n d a n t class of vertebrates, both 
in terms of number of species and of individuals. They are among the 
earliest vertebrates going back to Devonian period 400 million years 
back. Many important and essential characters of vertebrates made 
their first appearance in fishes thereby making them fore-runners of 
all higher forms of life. They exhibit enormous diversity not only in 
size, shape , biology but also in the habi ta ts they occupy. Fishes are 
at present superior in number as compared to m a m m a l s and birds. 
According to Fishbase, 31,500 species of fishes are identified by 
J a n u a r y 2010.There are about 450 families of freshwater fishes 
globally. Roughly 40 are represented in India. About 25 of these 
families contain commercially important species. Teleost fishes form 
the most dominant class of ray finned fishes (Actinopterigii) and are 
the most diverse group with 25000 species, 38 orders, 426 families 
and 4000 genera (Nelson, 2006). 
Fishes are important food resource exploited worldwide. In Asia 
alone, about 1 billion people rely on fish as their primary source of 
protein. Consequently, fisheries and aquacul ture are receiving 
increasing at tention, not only because they represent an important 
source of livelihoods and food, but also because of our increasing 
unders tanding of aquatic ecosystems. Fisheries and aquacul ture , 
directly or indirectly, play an essential role in the livelihoods of 
millions of people around the world. In the last three decades, 
employment in the primary fisheries and aquaculture sector has 
grown faster than the world's population and employment in 
traditional agriculture. The fishing enterprise employs some 200 
million people worldwide. Fish production has increased more than 
fivefold since India's independence and is a major industry in the 
coastal states. Special efforts have been made to promote extensive 
and intensive inland fish farming, modernize coastal fisheries, and 
encourage deep-sea fishing through joint ventures. India's freshwater 
resources consists of rivers and canals (197,024 km), reservoirs (3.15 
million ha), ponds and tanks (235 million ha), oxbow lakes and 
derelict waters (1.3 million ha), brackish waters (1.24 million ha) and 
estuaries (0.29 million ha). The inland capture fish production has 
increased from 192,000 tonnes in 1950 to 781,846 tonnes in 2007, 
the major species being cyprinids, siluroids and murrels. 
Many fish stocks are currently overexploited and the 
international nature of the resources makes them difficult to manage. 
Hence in order to conserve the economically important species, 
identification and management of stocks in wild populations is of 
utmost importance. 
1.2 Murrels: Characteristics and Distribution 
Snakehead fishes or Murrels are members of family Channidae 
and are native to Asia, Malaysia, Indonesia and Africa. According to 
Nelson (2006), the family Channidae is in the suborder Channoidei 
and order Perciformes. The two genera of Channidae are Channa and 
Parachanna. Genus Channa is native to Asia, Malaysia, and 
Indonesia and Parachanna is endemic to Africa. The two genera differ 
mainly in the morphology of the air-breathing (suprabranchial) organ; 
that of the latter being less developed. Currently, 25 species of 
Channa and three species of Parachanna have been recognized. The 
earliest fossil record of Snakeheads is Eochonna chorlakkiensis from 
Kuldana formation, Pakistan (Roe, 1991). 
Snakeheads are air-breathing fishes, several capable of overland 
migrations (Lee and Ng 1991, Berra 2001). According to Courtenay 
and Williams (2004) snakeheads are distinguished by their somewhat 
elongated and cylindrical bodies, the presence of large scales on the 
head, flattened heads, and dorso-lateral eyes on the anterior part of 
the head. They have supra branchial chambers for aerial respiration 
with the ventral aorta divided into two parts to permit bimodal 
respiration (Das and Saxena, 1956., Graham, 1997). When the 
status of the genera Ophiocephalus and Channa, it was concluded 
that the practice of separating the two based on presence 
{Ophiocephalus) or absence (Channa) of pelvic fins was invalid, based 
on specimens of C. gachua from India and one from Taiwan 
(introduced) that lacked pelvic fins. Ophicephalus was placed as a 
junior synonym of Chawia. Five species of Channa lack pelvic fins. 
Generally, snakeheads have an elongated cylindrical body; flattened 
head; long, entirely soft rayed dorsal and anal fins; a large mouth 
with well developed teeth on both upper and lower jaws; tubelike 
anterior nostrils; a round to somewhat truncate caudal fm; cycloid or 
ctenoid body scales; shield like scales on head that superficially 
resemble that of a snake; a lengthy, elongated swim bladder reaching 
to the caudal peduncle region and an accessory air breathing 
apparatus (suprabranchial organ) in the head region. Species of 
snakeheads can be distinguished based on coloration, meristics and 
morphometries, as well as the distribution of scales on the underside 
of the lower jaw, the shape of the head and the morphology of the 
suprabranchial organs. 
Most Channid species are important food fishes in southern 
Asia and China and the flesh is considered a delicacy. Murrels are 
also considered potential candidate species for diversification of 
aquaculture. Some medium to large species are cultured in ponds or 
in cages set in slow running rivers. Some species have even been 
used as predators to control Tilapia in aquaculture ponds. Larger 
species are popular game fishes in Asia. The systematics of family 
Channidae is a matter of continuing debate, especially because of the 
similarities in their external morphology and internal anatomy. 
Morphological and physiological data have produced inconclusive 
taxonomies. Genetic characters may provide accurate and 
unambiguous indicators of taxonomic divergence (Wilson et ai, 
1995). 
Taxonomy of Family Channidae is: 
Phylum 
Sub Phylum 
Super Class 
Class 
Sub Class 
Infra Class 
Super Order 
Order 
Sub Order 
Family 
Genus 
-Chordata 
- Craniata 
- Gnathostomata 
- Actinopterygii 
- Neoptetygii 
- Teleostomii 
- Acanthopterygii 
- Perciformes 
- Channoidei 
- Channidae 
- Channa 
-Parachanna 
Much taxonomic confusion has resulted from the fact that 
coloration in each species changes dramatically during growth, and 
in many cases, the colour of juveniles is completely different from 
that of adults. One such case is the giant snakehead (Channa 
micropeltes), a popular aquarium fish that has striking black and red 
"racing stripes" as a juvenile, but variegated blackish markings as an 
adult. Many species have distinct adult coloration, such as ocellus 
(ocelli) on the body and/or caudal fin, vertical bands on the pectoral 
fins and small spots on the body. 
Due to ambiguous results obtained from conventional 
systematic studies, many species of Channa are being misidentified. 
For e.g. species Channa orientalis (Bloch & Schneider, 1801) being 
misidentified as Channa gachua (non Hamilton, 1822), 
Opheocephalus marginatus (non Cuvier, 1829), Opheocephalus Jiisca 
(non Cuvier, 1831) and Channa burmanica (non Chaudhuri, 1919). 
Channa striatus being confused as Opheocephalus sowarah (non 
Cuvier, 1831) and Channa amphibeus as Channa barca (non 
Hamilton, 1822). 
1.3 The Great Snake head- Channa maruUus 
Among murrels, large sized Channa marulius is the most 
important due to consumer preference and high market price. It is 
considered as an important food fish and a significant component of 
freshwater fishery. It is somewhat cosmopolitan in distribution with 
native range extending from tropical to temperate climates. 
Introduced range includes parts of Broward County and Florida in 
U.S.A where it is recognized as a potentially invasive species. C. 
marulius has a wide distribution occurring in almost all states of 
India, Sri Lanka, Bangladesh, Pakistan, Burma and Thailand. In 
India, it is found in freshwaters of West Bengal, Uttar Pradesh, 
Madhya Pradesh, Bihar, Punjab, Orrissa, Maharashtra, Gujrat, 
Andhra Pradesh, Tamil Nadu, Karnatka and Kerala (Chondar, 1999). 
C. marulius is principally a freshwater riverine fish, but frequently 
available in reservoirs, lakes, swamps and large marshy water areas. 
Munro (1955) has reported its occurrence even in mountainous 
stretches up to an altitude of 475 m MSL. 
Channa manilius is reported to be the largest in family 
Channidae, reaching a length of 120-122 cm (Bardach et.al, 1972; 
Talwar and Jhingran, 1992). Body of C. marulius is cylindrical, 
compressed posteriorly. Head is depressed with somewhat convex 
upper profile, snake like with multiple cephalic pits and plate like 
irregular scales. Mouth is terminal, cleft slightly oblique. Teeth are 
villiform, arranged in several rows in the jaws, vomer and palate. 
Dark spots are seen on the lateral sides of the body and 4-6 round 
black blotches followed by white spots, little below the lateral line are 
also present. A large black prominent ocellus with white or orange 
boundary at upper part of the base of caudal fm characterizes the 
species. The accessory respiratory organs of the pharyngeal region 
are well developed in C .marulius and these serve as air sacs to 
breath atmospheric oxygen. 
C. marulius constitutes the mainstay of wild freshwater 
fisheries in India, especially in peninsular region. The culture of this 
giant murrel has not been traditionally popular for its highly 
voracious feeding habits in tertiary level. Pronounced cannibalism 
and heavy mortality, right from earlier stages of life, are primary 
factors for unsuccessful culture. Being a local migrant, it travels for a 
short distance for the purpose of feeding or for locating suitable 
breeding grounds or in search of new water bodies to avoid stress 
conditions of existing ecosystem. The fish is considered as a potential 
aquaculture species in addition to an important capture fishery 
resource. Due to declining abundance of C. marulius in wild, the fish 
has been assessed at lower risk- near threatened (LRnt) status 
(CAMP, 1997). Understanding of population genetic structure of a 
species provides critical information for developing conservation and 
management strategies for natural fish populations as well as fishes 
having threatened status. In addition to protein and nuclear DNA 
markers, different mtDNA gene sequences have been used to 
determine variation at interspecific and intraspecific levels in fishes. 
The fast rate of mtDNA evolution coupled with maternal inheritance 
have made mtDNA an extremely useful genetic system for studying 
gene flow, hybrid zones, population structure and other population 
related questions. 
1.4 Need to study phylogeography of C. marulius. 
Measuring genetic diversity in wild fish populations or 
aquaculture stocks is essential for interpretation, understanding and 
effective management of these populations or stocks (Ihssen et al., 
1981). Murrels are considered potential candidate species for 
diversification of aquaculture and Channa marulius which is most 
important due to consumer preference and high market price is 
categorised to lower risk- near threatened status (LRnt) due to its 
declining number in wild (Ponniah and Sarkar, 2000). The 
identification of molecular markers and documentation of genetic 
diversity of Channa marulius is, therefore, important considering that 
such information is valuable in breeding programmes, genetic stock 
identification and fishery management, besides to provide insight into 
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evolutionary genetics of species (Chondar, 1999). Stock identification 
will improve our understanding about the genetic structure of natural 
populations. The determination of genetic variation within and 
between populations can discriminate between genetically rich and 
poor populations in terms of hetrozygosity and polymorphism (Silas, 
2010). This information is helpful in decision making during 
introduction or rehabilitation of a declining or threatened stock. The 
objectives of the present study are: 
1. Identification of Polymorphic Mitochondrial DNA (mtDNA) 
markers in Channa marulius. 
2. Analysis of genetic diversity in natural population of 
Channa marulius using mtDNA markers. 
3. Identification and Characterization of Microsatellite DNA 
markers in Channa marulius. 
Fig 1: Channa maruUus (Dorsal View) 
Fig 2: Channa maruUua tail region showing characteristic round 
black ocellus 
Fig 3: Channa marulius (Lateral view) with characteristic white spots 
below lateral line. 
Fig 4: Channa marulius characteristic white spots. 
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Biodiversity or biological diversity is the diversity of life which 
refers to variation at all level of biological organization (Kevin and 
Spicer, 2004). Diversity includes diversity within species and among 
species and comparative diversity among ecosystems. The foundation 
for biodiversity and organic evolution is the genetic variation within 
the species. In small isolated populations genetic variability can be 
substantially reduced through genetic drift and inbreeding and such 
reduction may result in the reduced fitness and eventual extinction. 
In conjunction with other evolutionary forces like selection and 
genetic drift, genetic variation that arises between individuals 
eventually leads to differentiation at the level of population, species 
and higher order taxonomic groups. Molecular genetic markers are 
powerful tools to detect genetic variation between of individuals, 
which can be inferred as differentiation at that level of populations or 
species (Avise, 1994; Linda and Paul, 1995). These markers have 
revolutionized the analytical power, necessary to explore the genetic 
diversity (Hillis et at, 1996). With DNA markers, it is theoretically 
possible to observe and exploit genetic variation in the entire genome 
(Lakra et ah, 2006) Since Markert and Moller{1959) first discovered 
the existence of multiple molecular forms of enzymes, called 
isozymes, various classes of markers have been developed that have 
revolutionized the field of screening genetic diversity (Hillis et al., 
1996). Mitochondrial DNA and micro/mini satellites have been used 
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for various objectives ranging from species specific markers, 
population structures and detection of genetic bottlenecks. The 
conclusion from genetic diversity data has varied application in 
research on evolution, conservation and management of natural 
resources, genetic improvement programmes etc (Ferguson et al, 
1995; Neff and Gross, 2001; Jehle and Arntzen, 2002; Wasko et al, 
2003; Liu and Cordes, 2004; Morin et al., 2004). 
Genetic markers are important tools for the study of fish 
populations. The development of molecular methods has permitted 
genomic analysis and made it possible to analyze existing variation, 
both in regions that encode genes, as well as in regions with 
unknown functions (Regitano, 2001). Genetic monitoring is ideal for 
use in a reproduction program with the aim of genetic conservation 
(i.e., stocking). Molecular markers are a realistic and useful tool for 
the investigation and monitoring of genetic conditions both in native 
populations and in captive lots (Alam and Islam, 2005). Molecular 
markers are classified into two categories: Tlfpe I markers are 
associated with genes of known function, while Type II markers are 
associated with anonymous genomic segments (O'Brien, 1991). 
Microsatellite markers are type II markers unless they are associated 
with genes of known function. Type I markers have utility in studies 
of comparative genomics, genome evolution, candidate gene 
identification, and enhanced communication among laboratories for 
example, Allozymes. Ti/pe I markers serve as a bridge for comparison 
and transfer of genomic information from a map rich species into a 
relatively map-poor species. In general, Type II markers such as 
RAPDs, microsatellites, and AFLPs are considered to be non-coding 
and, therefore, selectively neutral. Such markers have found 
widespread use in population genetic studies whose characterizations 
of genetic diversity and divergence within and among populations are 
based on assumptions of Hardy-Weinberg equilibrium and selective 
neutrality of the markers employed (Brown and Epifanio, 2003). For 
the most frequently used microsatellite markers, such comparative 
studies depend on conservation of the flanking sequences used for 
the design of PCR primers. Type II markers also have proven useful in 
aquaculture genetics for species, strain and hybrid identification, in 
breeding studies, and more recently as markers linked to QTL. Such 
markers have found widespread use in population genetic studies to 
characterize genetic divergence within and among the populations or 
species (Brown and Epifanio, 2003). 
The potential of molecular markers to fisheries management 
has long been recognized (Utter, 1991). Early studies on the 
molecular phenotypes used blood group polymorphisms to 
discriminate between spatially discrete populations of fish (Sick, 
1961). Because of the problem of interpretation, research turned to 
specific histochemical stain procedures (Hunter and Markert, 1957). 
Staining for specific proteins was used in association with starch gel 
electrophoresis and permitted the detection of allozyme variation 
(Harris and Hopkinson, 1976). In the late 1970s, workers start 
investigating of DNA sequences and first focused on mitochondrial 
12 
DNA (mtDNA) molecule. However more recent marker types that are 
finding service in this field include, restriction fragment length 
polymorphism (RFLP), randomly amplified polymorphic DNA (RAPD), 
amplified fragment length polymorphism (AFLP), microsatellite, 
single nucleotide polymorphism (SNP) and expressed sequence tag 
(EST) markers. 
2.1 Types of molecular markers 
1. Allozymes 
Allelic form of an enzyme that can be distinguished by gel 
electrophoresis is known as an AUozyme or Iso2yme. They can be 
used to observe genetic variation from gene products. Since 1960s, 
the starch gel electrophoresis of allozymes has been the most 
commonly employed molecular method in fishery genetics using 
protein-coding loci (Ryman and Utter, 1987; Hillis et al, 1996). 
Allozymes were among the earliest markers used in aquaculture 
genetics (May et al, 1980; Seeb and Seeb, 1986; Johnson et al, 
1987; Liu et al, 1992, 1996; Morizot et al, 1994). Allozyme found use 
in aquaculture for tracking inbreeding, stock identification, and 
parentage analysis. In a few cases, correlations existed between 
certain allozyme markers and performance traits (Hallerman et al, 
1986; McGoldrick and Hedgecock, 1997). Their use in linkage 
mapping has been demonstrated in studies of salmoids ( Pasdar et 
al, 1984; May and Johnnson, 1993) and poeciliids (Morizot et al, 
1991). Murphy et al (1990) list 75 enzymes systems coded by several 
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genetics loci that may potentially be analyzed in fishes. They have 
been successful in determining genetic variation in a large no of 
species like, Labeo dero (Anshumala et al 2005), Labeo rohita (Khan 
et al 2006), Cirrhinus mrigala (Mohindra et al 2007), Channa 
punctatus (Haniffa et al 2007), Gadus morhua (Pogson et al 2008), 
Chitala chitala (Mandal et al 2009) and Labeo dussumeri 
(Gopalakrishnan et al 2009). Disadvantage associated with the 
allozymes include null (enzymetically inactive) alleles and the amount 
of tissue sample required. Some DNA sequence changes are masked 
at the protein level, reducing the level of detectable variation and low 
level of genetic variation revealed in many allozyme studies of marine 
fish population (Siddell et al, 1980; Mork et al, 1985; Crawford et al, 
1989). However, in spite of their strength as co dominant Type I 
markers, ease of use and low cost their use in aquaculture has 
become limited. 
2. Random amplified polymorphic DNA (RAPD) 
RAPD procedures were first developed in 1990 (Welsh and 
McClelland, 1990; Williams et al, 1990) using PCR to randomly 
amplify anonymous segments of nuclear DNA with an identical pair 
of primers 8-10 bp in length. Genetic variation and divergence within 
and between the taxa of interest are assessed by the presence or 
absence of each product, which is dictated by changes in the DNA 
sequence at each locus. RAPD polymorphisms can occur due to base 
substitutions at the primer binding sites or to indels in the regions 
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between the sites. The potential power is relatively high for detection 
of polymorphism. RAPD analysis has been successfully used for 
genetic variation in genus Tor (Mohindra et al, 2007), Acanthopagrus 
schlegeli (Liu et al, 2007), Oncorhynchus mykiss, Salmo trutta (Diaz et 
al., 2007), Mystus vittatus (Garg et al, 2009) and Labeo dussumeri 
(Gopalakrishnan et al, 2009). 
Shortcomings of this type of marker include the difficulty of 
demonstrating Mendelian inheritance of the loci and the inability to 
distinguish between homozygotes and heterozygotes. Analysis follows 
the assumption that populations under study follow Hardy-Weinberg 
expectations. In addition, the presence of paralogous PCR product 
(different DNA regions which have the same lengths and thus appear 
to be a single locus), low reproducibility due to the low annealing 
temperature used in the PCR amplification, have limited the 
application of this marker in fisheries science (Wirgin and Waldman, 
1994). 
3. Amplified fragment length polymorphism (AFLP) 
AFLP is a PCR-based, multi-locus fingerprinting technique that 
combines the strengths and overcomes the weaknesses of the RFLP 
and RAPD methods. Like RFLPs, the molecular basis of AFLP 
polymorphisms includes indels between restriction sites and base 
substitutions at restriction sites. Like RAPD, it also includes base 
substitutions at PCR primer binding sites. The unique feature of the 
technique is the addition of adaptors of known sequence to DNA 
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fragments generated by digestion of whole genomic DNA. This allows 
for the subsequent PCR amplification of a subset of the total 
fragments for ease of separation by gel electrophoresis. Its primary 
target of genetic variation is the same as RFLP, but instead of 
analyzing one locus at a time, it allows for the analysis of many loci 
simultaneously. 
The power of AFLP analysis is tremendously high for revealing 
genomic polymorphisms. For instance, Young et al. (2001) used the 
AFLP technique that generated 133 polymorphic markers, 23 of 
which were diagnostic in distinguished rainbow trout, coastal 
cutthroat trout, and their hybrids. AFLP markers also have used for 
analysis of meogynogens and androgens (Young et al, 1996; Felip et 
al, 2000). They have been successfully used in fishes like Ictalurus 
punctatus (Liu et al, 2003), Oncorhynchus tshawytscha (Smith et al, 
2005) Scomberomorus niphonius (Shui et al, 2008), Brachymystax 
lenok (Wang et al, 2009). 
4. Single nucleotide polymorphism (SNP) 
Single nucleotide polymorphism (SNP) describes 
polymorphisms caused by point mutations that give rise to different 
alleles containing alternative bases at a given nucleotide position 
within a locus. Such sequence differences due to base substitutions 
have been well characterized since the beginning of DNA sequencing 
in 1977. However, the ability to genotj^pe SNPs rapidly in large 
numbers of samples was not possible until the application of gene 
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chip technology in the late 1990s. SNPs are again becoming a focal 
point in molecular marker development since they are the most 
abundant polymorphic markers in any organism, adaptable to 
automation, and reveal hidden polymorphism not detected with other 
markers and methods. In fishes SNP analysis has been applied to 
Salmo salar (Primmer et al, 2006), Gadus morhua (O' Leary et ai, 
2006), genus Trachurus and genus Mullus (Apostolidis et al, 2008). 
Despite technological advances, SNP genotyping is still a challenging 
endeavour and requires specialized equipment. Traditional methods 
available for SNP genotyping include direct sequencing, single base 
sequencing (Cotton, 1993), allele specific oligonucleotide (Malmgren 
et al, 1996), denaturing gradient gel electrophoresis (Cariello et ai, 
1988), single strand conformational polymorphism assays (Suzuki et 
ai, 1990) and ligation chain reaction (Kalin et al, 1992). Each 
approach has its advaintages and limitations. 
5. Expressed sequence tags (ESTs) 
Expressed sequence tags (ESTs) are single-pass sequences 
generated from random sequencing of cDNA clones (Adams et al, 
1991). The EST approach is an efficient way to identify genes and 
analyze their expression by means of expression profiling (Franco et 
al, 1995; Azam et al, 1996; Lee et al, 2000). It offers a rapid and 
valuable first look at genes expressed in specific tissue, types, under 
specific physiological conditions or during specific developmental 
stages. ESTs are useful for the development of cDNA microarray that 
17 
allow analysis of differentially expressed genes to be determined in a 
systematic way (Schena et ai, 1996; Wang et al, 1999), in addition to 
their great value in genome mapping (Boguski and Schuler, 1995; 
Hudson et al, 1995; Schuler et al, 1996). For genome mapping, 
ESTs are most useful for linkage mapping and physical mapping in 
animal genomics such as those of cattle and swine, were radiation 
hybrid panels are available for mapping non polymorphic DNA 
marker (Cox et al, 1990). Much progress has been made in fisheries 
for analysis of ESTs. Tissue analysis of ESTs and expression profiling 
has been conducted in channel catfish (Ju et al, 2000; Cao et al, 
2001; Kocabas et al, 2002 Karsi et al, 1998, 2002). 
6. Mitochondrial DNA: 
By the early 1980s, examination of the gene became possible 
by determining directly or indirectly difference in the nucleotide 
sequence of DNA molecule. One of the finding that arose from early 
studies was that the DNA of mitochondria (mtDNA) is characterized 
by high level of sequencing diversity at the species or infra-species 
level despite great conservation of gene function and arrangement 
(Wirgin and Waldam, 1994). Mitochondrial DNA became a very 
popular marker and dominated genetic studies designed to answer 
questions of phylogeny and population structure in fish for more than 
a decade. Three properties of mtDNA set apart from nuclear DNA; it 
occurs in multiple copies in each cell (in contrast to two copies to a 
"single copy" nuclear locus), it is transmitted uniparentally, and it 
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does not recombine. Moreover, it evolves much faster than coding 
regions of DNA (Brown et al, 1982; Attardi, 1985; Moritz et al, 1987; 
Avise, 1994). One consequence of uniparental transmission is that 
the effective population size for mtDNA is smaller than that of nuclear 
DNA (Moritz et al^ 1987). Hence mtDNA variation is a more sensitive 
indicator of population phenomena such as bottlenecks and 
hybridizations. Mitochondrial DNA analysis is increasingly being used 
in recent population and phylogenetic surveys. Mitochondrial DNA 
analysis has proven useful in clarifying relationships among closely 
related species. Different parts of mt-gene are known to evolve at 
different rates (Meyer, 1993). The 16s rRNA gene in mitochondrial 
genome is one of the slowest evolving genes (Meyer, 1993) whereas 
rapidly evolved region includes control region (Chow et al, 1997; 
Gold et al, 1997). With regard to empirical data on mt DNA sequence 
divergence in fishes, highly varying levels of divergence have been 
disclosed. Analyses of mtDNA markers have been used extensively to 
investigate stock structure in a variety of vertebrates including fishes 
(Avise et al, 1986; Graves et al, 1992; Chow et al, 1993; Gold et al, 
1993; Heist and Gold, 1999), birds (Baker and Marshall, 1997; 
Greenberg et al, 1998; Mila et al, 2000; Zink et al, 2000), mammals 
(Menotti-Raymond and O'Brien, 1993) and reptiles (Avise et al, 1998; 
Serb et al, 2001; Riberon et al, 2002; Shanker et al, 2004). Some 
sympatric species complex of freshwater fishes show very small mt 
DNA sequence divergence levels (Meyers et al, 1990), while some 
show divergence as large as 15% (Billington and Hebert, 1991). Some 
19 
marine species show even higher levels of intra-specific divergence 
(Becker et al, 1988) while some congeneric species have small, 
moderate or very large divergence (Billington and Hebert 1991). Large 
variations in mtDNA sequences among species can be utilized to 
produce species specific markers. Since the structures of 
mitochondrial RNA genes (tRNA and rRNA) and the functional 
molecule of 16s rRNA are highly conserved among animal taxa that 
are related even distantly (Meyer, 1993; Orti et al, 1996). Change of 
even few nucleotides in such a gene between closely related taxa 
might indicate a substantial degree of genetic divergence (Suneetha et 
al, 2000). In addition to protein and nuclear DNA markers, different 
mtDNA gene sequences have been used to determine variation at 
interspecific and intraspecific levels in fishes. The fast rate of mtDNA 
evolution coupled with maternal inheritance have made mtDNA an 
extremely useful genetic system for studying gene flow, hybrid zones, 
population structure and other population related questions. Even 
conservative protein coding genes like Cytochrome b tend to show 
intraspecific variation mainly in 3rd position of codon which can be 
used to identify stocks. Variation in mtDNA Cytochrome b gene has 
been used for population studies in fishes across taxonomic orders 
such as, Clupeiformes (Lecomte et al, 2004); Acipenceriformes 
(Fontana et al, 2007; Pages et al, 2009); Squaliformes (Murray et al, 
2008); Salmoniformes (Bouza et al, 2008); Anguilliformes (Deamon et 
al, 2001); Cypriniformes (Fayazi et al, 2006) and Siluriformes (So et 
al, 2006) and Perciformes, (Brown et al, 2008). In addition, ATPase8 
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and ATPaseG genes of mtDNA are generally variable in vertebrates 
(Zardoya 85 Meyer, 1996). These genes have been consistently found 
to have high evolutionary rate (1.3% per million years) in fishes 
(Bermingham et al, 1997). ATPase 8 and ATPase 6 regions have been 
successfully analysed for both phylogeny as well as phylogeography 
in several fish species, (Chow et al, 2004; Dammannagoda et al, 
2008; Vergara-Chen et al, 2009). The well characterized COl gene 
has proved to be a robust evolutionary marker for the analysis of 
intraspecific and interspecific relationships in many marine fish and 
shellfish .The 16S rRNA mitochondrial gene has also been shown to 
be a good marker to differentiate fish species and has been used in 
comparative intergeneric and interspecific studies in several families 
of Perciformes. Tautz et al. (2002, 2003) made the case for a DNA 
based taxonomic system. DNA sequence analysis has been used for 
30 years to assist species identifications, but different sequences 
have been used for different taxonomic groups. Hebert et al. (2003) 
proposed that a single gene sequence would be sufficient to 
differentiate all, or at least the vast majority of, animal species, and 
proposed the use of mitochondrial DNA gene Cytochrome oxidase sub 
unit I (coxl) as a global bio identification system for animals. The 
sequence was linked to a barcode, with species being delineated by 
particular sequence or by tight cluster of very similar sequences. 
Whether bar-coding can be used to discriminate fish species or not 
was examined by Ward et al. (2004). Bar-coding discriminated all of 
the fish species examined by them. It was concluded that it would be 
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clearly capable of unambiguously identifying individually isolated fish 
eggs, larvae, fillets and fins from species. According to Pegg et al. 
(2006) DNA barcode approach for fish identification appears valid and 
that while HVRl or coxl mt DNA sequence data both appear useful 
for this purpose, cox 1 should be used in future studies as marker of 
choice since a large internal database for fish identification needs to 
be constructed. 
7. Tandemly Repeated DNA 
Tandemly repeated blocks of DNA of identical or similar 
sequence dispersed throughout the genome of most if not all, 
eukaryotic genome (O'Reilly and Wright, 1995). Three different class 
of this repetitive and highly polymorphic DNA have been 
distinguished traditionally, based on the size of the repeat unit. 
7.1 Major Satellite arrays 
Satellite DNA in which a single repeat sequence family can 
constitute several percent of the total genome, and can occur in 
individual repeat area as 5Mb. Satellites are often preferentially 
associated with centromeres. Major satellites are only infrequently 
used to genotype individuals, but have been useful in human genome 
mapping in providing genetic markers anchored at centromeres. They 
can be typed either by Southern blot/hybridization (Mahtani and 
Willard, 1990; Oakey and Tyler-Smith, 1990), or using restriction 
22 
digests or PCR primers which detect locus specific repeat unit 
variants (Warburton and Willard, 1996). 
7.2 MinisateUites 
Minisatellite or variable Number of tandem repeat (VNTR) DNA 
(Warburton and Willard, 1996) may be present at hundreds or 
thousands of different loci per genome. The repeat unit sequence is 
long enough (> 10 bp) to be locus specific and is gives repeat blocks 
of intermediate size (0.5-30 kb). The term "DNA fingerprinting" was 
originally associated with the approach of Jeffreys et al. (1985), in 
which Southern blot/hybridization assays of minisatellite regions of 
DNA (after restriction digestion of individual genomic DNA) reveal 
multi locus gel banding profiles that distinguish most or all 
individuals within a sexually reproducing species (Avise, 1994). The 
original Jeffrey's probes, which hybridized to conserved core 
sequences, 10-15 bp long, were isolated from a myoglobin intron in 
humans, but it was found that they also cross-hybridized in many 
other species, including fishes (Baker et a/., 1992). These limitations 
render multi locus fingerprinting rather unsuited for population level 
applications (Wright, 1993). Moreover, quite often the results of 
multi-locus fingerprinting protocols are not reproducible. As a result, 
the development of single-locus profiling techniques was sought, in 
which allelic variation is surveyed at individual VNTR loci. Single-
locus approaches obviate most of the problems associated with multi-
locus methods; nevertheless some limitations still exist, mainly 
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because often alleles do not differ from one another by discrete, 
integral increases or decreases in the number of repeat copies 
(Jeffreys et al, 1988). This makes the comparison of allele sizes 
between gels difficult, and has necessitated the binning of alleles into 
defined size classes (O'Reilly and Wright, 1995). 
7.3 Microsatellites 
Microsatellites are becoming a powerful DNA marker for 
quantifying genetic code and genetic variations within and between 
populations of species. Microsatellites have been shown to be highly 
polymorphic in fishes (Brocker et al, 1994). Microsatellite markers 
are type II markers unless they are associated with genes of known 
function. They are also considered as non- coding and neutral. In 
India, microsatellite markers have been developed or thirteen fish 
species, using primers from related species and have been found 
effective for population structure analysis (Gopalakrishnan et al., 
2004, Lai et al, 2004, Mohindra et al, 2004, 2005). 
Microsatellites consist of multiple copies of tandemly arranged 
simple sequence repeats (SSRs) that range in size from 1 to 6 base 
pairs e.g. ACA or GATA (Litt and Luty, 1989; Tautz, 1989). Abundant 
in all species studied to date, microsatellites have been estimated to 
occur as often as once every 10 kb in fishes (Wright, 1993). 
Microsatellites tend to be evenly distributed in the genome on all 
chromosomes and all regions of the chromosome. They have been 
found inside gene coding regions (Liu et al, 2001c), introns, and in 
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the non-gene sequence. The best known examples of microsatellites 
within coding regions are those causing genetic diseases in humans, 
such as the CAG repeats that encode polyglutamine tract, resulting 
in mental retardation. Most microsatellite loci are relatively small, 
ranging from a few to a few hundred repeats. 
Database analyses of tandem repeats in genomic sequences by 
Beckmann and Weber (1992) showed that CA/TG repeats are the 
most common dinucleotide repeats, occurring about twice as 
frequently as AT repeats and three times as often as AG/TC repeats. 
Microsatellite polymorphism is based on size differences due to 
varying numbers of repeat units contained by alleles at a given locus. 
Microsatellite mutation rates have been reported as high as lO^ per 
generation (Weber and Wong, 1993; Crawford and Cuthbertson, 
1996), and are believed to be caused by polymerase slippage during 
DNA replication, resulting in differences in the number of repeat 
units (Levinson and Gutman, 1987; Tautz, 1989). Direct studies of 
human families have shown that new microsatellite mutations 
usually differed from the parental allele by only one or two repeats 
(Weber and Wong, 1993), favoring a stepwise mutation model (Estoup 
and Cornuet, 1999). However, in a few fish species, we have observed 
alleles with very large differences in repeat numbers, predictive of an 
infinite allele model (Balloux et ai, 2002). 
Microsatellites are inherited in a Mendelian fashion as 
codominant marker; this is the strength of microsatellite markers in 
addition to their abundance, even genomic distribution, small locus 
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size, and high polymorphism. However, use of microsatellite markers 
involves a large amount of upfront investment and effort. Each 
microsatellite locus has to be identified and its flanking region 
sequenced for the design of PCR primers. Because of PCR based 
technique significant increases in the number of samples that can be 
typed in a day have been achieved by using automated fluorescent 
sequencers coupled with computer imaging systems (O'Reilly and 
Wright, 1995). 
Microsatellites enriched libraries have been constructed for 
many organisms, including fishes. The high frequency of tandem 
repeats in fish genomes provides a good opportunity to obtain 
libraries significantly enriched in microsatellites. For example, 
libraries containing 74%, 95% and 96% clones with (CA)n repeats 
have been developed for the Mediterranean angler fish Lophius sp. 
(Garoia et al, 2003), gilthead sea bream Spams aurata (Zane et al, 
2002), and Nile tilapia (Carleton et al, 2002), respectively. A library 
usually contains recombinant clones. Screening of these clones 
typically yields 10-15% unique polymorphic SSRs, resulting in the 
production of 100-500 non-redundant variable microsatellites from a 
single library (Zane et al, 2002). 
Evolutionary analyses of microsatellites have shown a wide 
variety of degrees of conservation. Microsatellite primers from one 
species can be used for amplification of polymorphic microsatellite 
loci from species of same family or cross species. Studies have shown 
that cross species amplification using primers designed from related 
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species generate polymorphic loci to identify different populations 
and their genetic viabilities (Welsh et al, 1990; Williams et at, 1990). 
The presence of highly conserved flanking regions has been 
reported for some micro satellite loci in cetaceans (Schlotlerer et al, 
1991), turtles (FitzSimmons et al, 1995) and fish (Rico et al, 1996), 
allowing cross-amplification from species that diverged as long as 470 
million years ago. It should be noted that during the isolation 
procedure, loci are selected from the upper end of the repeat length 
distribution in the genome, the fraction which is known to harbour 
the most polymorphic markers (Primmer et al, 1995). Such bias in 
loci isolation is likely result in a lower level of polymorphism when 
orthologous loci are tested in other species (Ellegren et al, 1995). 
Therefore, high polymorphism observed in a species does not 
guarantee that similar polymorphism will be found in related species 
especially when increasing the evolutionary distance (Rubinsztein et 
al, 1995; Morin et al, 1998). This becomes a major hindrance to 
study genetic variation and hence required isolation of microsatellite 
loci development of suitable primers for study of variations. 
Phylogeographical applications of microsatellites are eminently 
suitable, where population structure is observed over a large 
geographical scale (Koskinen et al, 2002; Gum et al, 2005). The 
latter study on grayling Thymallus thymallus shows that there is 
strong admixture among major lineages in contact zones between 
drainages zones. 
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Microsatellites are even more revealing over shorter 
geographical distances, where a few cases of panmixia (Dannewitz et 
al, 2005) and numerous cases of isolation by distance patterns 
(Ruzzante et al, 1999; O'Reilly et al, 2004), clinal variation (Nielsen 
et al, 2004), fragmentation (Lemaire et al, 2005), hybridisation (Gum 
et al, 2005) and cryptic speciation (Fillatre et al, 2003) have been 
identified. In those cases, differences in the microsatellite allelic 
composition of populations are converted into evolutionary distances. 
Microsatellite genotypes are particularly helpful to detect structure in 
closely related populations, regardless of whether they are in 
evolutionary equilibrium. 
DNA libraries, like conventional libraries, are used to collect 
and store information. In DNA libraries, the information is stored as a 
set of DNA molecules, each of which contains biological sequences 
that can be used for a variety of applications. All DNA libraries are 
collections of DNA fragments that represent a particular biological 
system of interest. By analyzing the DNA from a particular organism 
or tissue, researchers can answer a variety of important questions. 
The two most common uses for these DNA collections are DNA 
sequencing and gene cloning. DNA libraries are created by generating 
a set of DNA fragments of the desired size and then attaching those 
fragments to the appropriate vector sequence. For genomic DNA, the 
fragments are normally generated by either enzymatic digestion or 
simple mechanical shearing of all the DNA of the genome, including 
non coding sequences. Fragments are then enzymatically attached to 
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the vector sequences, in a reaction known as ligation. The collected 
fragments, now attached to vector sequences, are then moved into 
the appropriate host organism for growth and evaluation. Conditions 
are chosen so that only one fragment enters each organism, which 
can then be grown up into a colony whose individuals all carry the 
same fragment. 
Conservation and fisheries genetics focus on the effects of 
inbreeding, demography, contemporary genetic structuring and 
adaptation on the long-term survival of a species. The examination of 
genetic markers has had major impacts on three fisheries areas in 
particular: stock structure analysis, aquaculture and 
taxonomy/systematics. There have also been studies on the genetics 
of introduced species, the effects of fishing and pollutants on genetic 
diversity, and the genetics of rare or endangered species. Stock 
identification is a big issue (Ferguson et a/., 1995), helping wildlife 
managers to protect biodiversity by identifying series of conservation 
units such as evolutionarily significant units (ESUs), management 
units (MUs) and action units (AUs) (Wan et al, 2004). Mitochondrial 
and microsatellite DNA markers revealed four genetically 
differentiated lineages of European grayling (Thymallus thymallus) in 
central and northern Europe, which evolved in geographical isolation 
during the Pleistocene and could be recognized as the ESUs (Gum et 
al, 2005). Conservation strategies depend on neither paternal nor 
maternal variation, but focus on using biparental polymorphism of 
nuclear DNA to reflect characteristics needed to cope with 
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environmental conditions (Zhang and Hewitt, 2003). Measuring 
genetic diversity in virild fish populations or aquaculture stocks is 
essential for interpretation, understanding and effective management 
oi these populations or stocks. Genetic diversity has been measured 
indirectly and inferentially through controlled breeding and 
performances studies or by classical systematic analysis of 
phenotypic traits. Ecological, tagging, parasite distribution, 
physiological and behavioural traits, morphometries and meristics, 
calcified structures, cytogenetics, immunogenetics and blood 
pigments are among the diverse characteristics and methods used to 
analyze stock structure in fish populations (Ihssen etal., 1981). 
The assessment of the phylogeography of a species and the 
identification of genetically divergent areas is a fundamental step for 
the success of any conservation effort. Genetic variability is widely 
recognized as a component of natural biodiversity, several national 
and international conventions and laws claiming the necessity of its 
preservation and protection. Phylogeography hence is a powerful tool 
for inferring the processes that affect the genetic composition of 
species or species groups. It can also be helpful in elucidating 
historical events, such as habitat fragmentation and range 
expansion, which have influenced the population structure of a 
species or have caused speciation. 
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3.1 (Description of Sampling bcafes amf rivers: 
The Ganges or Ganga. is the largest river of the Indian 
subcontinent, flowing east through the Gangetic Plain of northern 
India into Bangladesh. The 2,510 km (1,560 mi) river rises in the 
western Himalayas in the Uttarakhand state of India, and drains into 
the Sunderbans delta in the Bay of Bengal. The Ganges Basin drains 
1,000,000-square-kilometre (390,000 sq mi) and supports one of the 
world's highest densities of humans. The maximum depth of this 
river is 100 feet (30 m). The river has been declared as India's 
National River. Although many small streams comprise the 
headwaters of the Ganges, the six longest headstreams and their five 
confluences are given both cultural and geographical emphasis. The 
Bhagirathi is the source stream; it rises at the foot of Gangotri 
Glacier, at Gaumukh, at an elevation of 3,892 m (12,769 ft), which is 
further joined by Alaknanda river, Dhauliganga river, Nandakini 
river, Pindar river and the Mandakini river to form the mainstream, 
the Ganges. After flowing 200 km through its narrow Himalayan 
valley, the Ganges debouches on the Gangetic Plain at the pilgrimage 
town of Haridwar where, a dam diverts some of its waters into the 
Ganges Canal. The Ganges, whose course has been roughly south 
western until this point, now begins to flow southeast through the 
plains of northern India. Further, the river follows an 800 km curving 
course passing through the city of Kanpur before being joined from 
the southwest by the Yamuna at Allahabad. Joined by numerous 
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rivers such as the Kosi, Son, Gandaki and Ghaghra, the Ganges 
forms a formidable current in the stretch between Allahabad and 
Malda in West Bengal. On its way it passes the towns Kanpur, Soron, 
Kannauj, Allahabad, Varanasi, Patna, Ghazipur, Bhagalpur, 
Mirzapur, Ballia, Buxar, Saidpur, and Chunar. At Bhagalpur, the 
river meanders past the Rajmahal Hills, and begins to run south. At 
Pakur, the river begins its attrition with the branching away of its 
first distributary, the Bhagirathi, which goes on to form the Hooghly 
River. The basin comprises semi-arid valleys in the rain shadow 
north of the Himalaya, densely forested mountains south of the 
highest ranges, the scrubby Shiwalik foothills and the fertile Gangetic 
Plains. The annual surface water potential of the basin has been 
assessed as 525 km^ in India, out of which 250 km^ is utilisable 
water. There is about 580,000 km= of arable land; 29.5% of the 
cultivable area of India. Water-related issues of the basin are due to 
both high and low flows. In India, the states of Uttar Pradesh, Bihar 
and West Bengal are affected by floods. Northern Ganges tributaries 
such as Kosi, Gandak and Mahananda are the most flood-prone, but 
southern tributaries also contribute. Low flows are caused by scarcity 
of rainfall outside the summer Monsoon, and sometimes by failure of 
this monsoon to develop to its normal extent. 
Son River of central India is the largest of the southern 
tributaries of Ganges. The Son originates near Amarkantak in 
Madhya Pradesh, just east of the headwater of the Narmada River, 
and flows north-northwest through Madhya Pradesh state before 
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turning sharply eastward when it encounters the southwest-
northeast-running Kaimur Range. The Son parallels the Kaimur hills, 
flowing east-northeast through Uttar Pradesh, Jharkhand and Bihar 
states to join the Ganges just above Patna. Geologically, the lower 
valley of the Son is an extension of the Narmada Valley, and the 
Kaimur Range an extension of the Vindhya Range. Dehri on sone is 
the major town situated on Sone River. The Son river at 784 
kilometres (487 miles) long, is one of the largest rivers of India. Its 
chief tributaries are the Riband and the North Koel. The Son has a 
steep gradient (35-55 cm per km) with quick run-off and ephemeral 
regimes, becoming a roaring river with the rain-waters in the 
catchment area but turning quickly into a fordable stream. The Son, 
being wide and shallow, leaves disconnected pools of water in the 
remaining part of the year. The channel of the Son is very wide (about 
5 km at Dehri on sone) but the floodplain is narrow, only 3 to 5 km 
wide. In the past, the Son has been notorious for changing course, as 
is traceable from several old beds on its east. 
Ghaghra_is one of the significant rivers of the northern India. It 
originates near the Manasarowar Lake in Tibet. This 1080 km long 
river is an important tributary of the Ganges. Its total catchment area 
is 127,950 sq km of which 45% is in India. Ghagra River passes 
through Nepal where it is known as Kauriala. It joins the Ganges at 
Chapra in Bihar. This river is the main source of water in Bara-Banki 
District of Uttar Pradesh. Rapti, Little Gandak, Sarda and Sarju are 
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the major tributaries of this river. The Ghagra River is also known by 
the names Manchu and Karnali. 
The Gomti is a tributary of the Ganges River. The Gomti 
originates from Gomat Taal which formally known as Fulhaar jheel, 
near Madho Tanda, Pilibhit, India. It extends 900 km (560 miles) 
through Uttar Pradesh and meets the Ganges River near 
Saidpur,Kaithi in Ghazipur. After 20 km from its origin, very small 
river Gaihaaee meets it. The river is a thin stream until it reaches 
Mohammadi (about 100 km from its origin) where it is joined by some 
tributaries like Sukheta, Choha and Andhra Choha. From here the 
river is well defined. Later other tributaries (Kathina and Sarayan) 
join this river. Another major tributary is the Sai River, which joins 
near Jaunpur . Gomti meets Ganga at ghazipur in Uttar Pradesh. 
After 240 km the Gomti enters Lucknow, through which it meanders 
for about 12 km. At the entrance point water is lifted from the river 
for the city's water supply. At the downstream end the Gomti barrage 
impounds the river converting it into a lake. The cities of Lucknow, 
Lakhimpur Kheri, Sultanpur and Jaunpur are located on the banks 
of the Gomti and are the most prominent of the 15 towns located in 
its catchment area. The river cuts the Jaunpur city into two equal 
half and becomes wider in Jaunpur. 
River Sharda originates from the Greater Himalayas at 
Kalapaani at an altitude of 3600 m, in the Pithoragarh district 
ofUttarakhand India, where it is known as river Kali. On its upper 
course, this river forms India's continuous eastern boundary with 
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Nepal. The River Kali is known as River Sharda, when it reaches in 
the plains of Uttarakhand and Uttar Pradesh. The Sharda River is the 
part of the Ganges River System. It joins with the Gori Ganga at 
Jauljibi. It then joins with the River Karnali and adopts a new name 
River Sarajm in Bahraich district till it meets with River Ganges. The 
area around Pancheshwar is called 'Kali Kumaon'. 
The Tons River (also known as the Tamsa River) is a tributary 
of the Ganges flowing through the Indian states of Madhya Pradesh 
and Uttar Pradesh. The Tamsa rises in a tank at Tamakund in the 
Kaimur Range at an elevation of 610 metres (2,000 ft). It flows 
through the fertile districts of Satna and Rewa. At the edge of the 
Purwa plateau, the Tamsa and its tributaries form a number of 
waterfalls. The river receives the Belan in UP and joins the Ganga at 
Sirsa, about 311 kilometres (193 mi) downstream of the confluence of 
Ganga and Yamuna. The total length of the river is 264 kilometres 
(164 mi). It has a total drainage area of 16,860 square kilometres 
(6,510 sq mi). The Tamsa River while descending through the Rewa 
Plateau and draining northwards makes a vertical falls of 70m known 
as Purwa Falls. Significant waterfalls on the tributaries of the Tamsa 
river, as they come down from the Rewa Plateau, are: Chachai Falls 
(127m) on the Bihad River, a tributary of the Tamsa, the Keoti Falls 
(98m) on the Mahana River, a tributary of the Tamsa, and Odda Falls 
(145m) on the Odda River, a tributary of the Belah River, which is 
itself a tributary of the Tamsa. 
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The Yamuna is the largest tributary river of the Ganges in 
northern India. It travels a total length of 1,376 kilometres and has a 
drainage system of 366,223 km2, 40.2% of the entire Ganga Basin, 
before merging with the Ganges at Allahabad. It crosses several 
states, Uttarakhand, Haryana and Uttar Pradesh, passing by 
Himachal Pradesh and later Delhi, and meets several of its tributaries 
on the way, including Tons, its largest and longest tributary, 
Chambal, which has its own large basin, followed by Sindh, Betwa, 
and Ken. Most importantly it creates the highly fertile alluvial, 
'Yamuna-Ganga Doab' region between itself and the Ganges in the 
Indo-Gangetic plain. Nearly 57 million people depend on the Yamuna 
waters. With an annual flow of about 10,000 cubic billion metres 
(cbm) and usage of 4,400 cbm (of which irrigation constitutes 96 per 
cent), the river accounts for more than 70 per cent of Delhi's water 
supplies. The source of Yamuna lies in the Yamunotri Glacier at a 
height 6,387 mtrs, on the south western slopes of Banderpooch 
peaks, which lie in the Mussoorie range of Lower Himalayas, in the 
Uttarkashi district, Uttarakhand. From here it flows southwards, for 
about 200 km through the Lower Himalayas and the Shivalik Hills 
Range. An important part of its early catchment area totalling 2,320 
km^ lies in Himachal Pradesh, Yamuna's largest and longest 
tributary, which rises from the Hari-ki-dun valley and holds water 
more than the main stream, which it merges after Kalsi near 
Dehradun. The entire drainage system of the river stretches all the 
way between Giri-Sutlej catchment in Himachal and Yamuna-
36 
Bhilangna catchment in Garhwal, indeed the southern ridge of 
Shimla is also drained into this system. Other tributaries in the 
region are the Giri, Rishi Ganga, Kunta, Hanuman Ganga and Bata 
tributaries, which drain the Upper Catchment Area of the vast 
Yamuna basin. Thereafter the river descends on to the plains of Doon 
Valley, at Dak Pathar near Dehradun. Here through aweir dam, the 
water is diverted into a canal for power generation, little further down 
where Yamuna is met by the Assan River. After passing the town of 
Paonta Sahib, it reaches Tajewala in Yamuna Nagar district, of 
Haryana, where a dam built in 1873, is the originating place of two 
important canals, the Western Yamuna Canal and Eastern Yamuna 
Canal, which irrigate the states of Haryana and Uttar Pradesh. 
Subsequently, it flows through the states of Delhi, Haryana and Uttar 
Pradesh, before merging with the Ganges in Allahabad after 
traversing a distance of 1,376 kilometers (855 mi). The cities of 
Baghpat, Delhi, Noida, Mathura, Agra, Firozabad, Etawah, Kalpi, 
Hamirpur, and Allahabad lie on its banks. At Etawah, it meets it 
another important tributary, Chambal, followed by a host of 
tributaries further down, including, Sindh, the Betwa, and Ken. 
The Chambal River is a tributary of the Yamuna River in 
central India. The river flows north-northeast through Madhya 
Pradesh, running for a time through Rajasthan, then forming the 
boundary between Rajasthan and Madhya Pradesh before turning 
southeast to join the Yamuna in Uttar Pradesh state. It is a perennial 
river and originates at Manpura, south of Mhow town, near Indore, 
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on the south slope of the Vindhya Range in Madhya Pradesh. The 
Chambal and its tributaries drain the Malwa region of north western 
Madhya Pradesh, while its tributary, the Banas, which rises in the 
Aravalli Range, drains south eastern Rajasthan. The Chambal ends a 
confluence of five rivers, including the Chambal, Kwari, Yamuna, 
Sind, Pahuj, at Pachnada near Bhareh in Uttar Pradesh state, at the 
border of Bhind and Etawah districts. 
The Sindh River, a tributary of the Yamuna River, flows 
through the Indian states of Madhya Pradesh and Uttar Pradesh. The 
Sindh originates on the Malwa Plateau in Vidisha district, and flows 
north-northeast through the districts of Guna, Ashoknagar, Shivpuri, 
Datia, Gwalior and Bhind in Madhya Pradesh to join the Yamuna 
River in Etawah district, Uttar Pradesh, just after the Chambal River 
confluences with the Yamuna River. It has a total length of 470 
kilometres (290 mi), out of which 461 kilometres (286 mi) are in 
Madhya Pradesh and 9 kilometres are in Uttar Pradesh. 
The Brahmaputra, also called Tsangpo-Brahmaputra, is a 
trans-boundary river and one of the major rivers of Asia. It originates 
in the Jima Yangzong glacier near Mount Kailash in the northern 
Himalayas. It then flows east for about 1,700 kilometres (1,100 mi), 
at an average height of 4,000 metres (13,000 ft), and is thus the 
highest of the major rivers in the world. At its easternmost point, it 
bends around Mt. Namcha Barwa, and forms the Yarlung Tsangpo 
Canyon which is considered the deepest in the world. From its origin 
in south western Tibet as the Yarlung Tsangpo River, it flows across 
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soutJiern Tibet to break through the Himalayas in great gorges and 
into Arunachal Pradesh (India) where it is known as Dihang. It flows 
southwest through the Assam Valley as Brahmaputra and south 
through Bangladesh as the Jamuna (not to be mistaken with Yamuna 
of India). There it merges with the Ganges to form a vast delta, the 
Sunderbans. About 1,800 miles (2,900 km) long, the river is an 
important source for irrigation and transportation. The average depth 
of river is 124 feet (38 m) and maximum depth is 380 feet (120 m). As 
the river enters Arunachal Pradesh, it is called Siang and makes a 
very rapid descent from its original height in Tibet, and finally 
appears in the plains, where it is called Dihang. It flows for about 35 
kilometres (22 mi) and is joined by two other major rivers: Dibang 
and Lohit. From this point of confluence, the river becomes very wide 
and is called Brahmaputra. It is joined in Sonitpur District by the Jia 
Bhoreli (named the Kameng River where it flows from Arunachal 
Pradesh) and flows through the entire state of Assam. In Assam the 
river is sometimes as wide as 10 kilometres (6.2 mi). Between 
Dibrugarh and Lakhimpur districts the river divides into two 
channels, the northern Kherkutia channel and the southern 
Brahmaputra channel. The two channels join again about 100 
kilometres downstream. The environment of the Brahmaputra 
floodplains in Assam have been described as the Brahmaputra Valley 
semi-evergreen forests eco region. The main problem facing the river 
basin is that of constant flooding. Floods have been occurring more 
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often in recent years with deforestation, and otlier human activities 
being the major causes. 
River Teesta is said to be the lifeline of the Indian state of 
Sikkim, flowing for almost the entire length of the state and carving 
out verdant Himalayan temperate and tropical river valleys. The river 
then forms the border between Sikkim and West Bengal before 
joining the Brahmaputra as a tributary in Bangladesh. Total length of 
the river is 315 kilometres. The river originates from Cholamo Lake at 
an elevation of 5,330 m (17,487 ft) above sea level in the Himalayas. 
This lake lies to the north of the Donkia pass near Shetschen, about 
eight kilometres north-east of Darjeeling. The Teesta River is then fed 
by rivulets which arise in the Thangu, Yumthang and Donkia-La 
ranges. The river then flows past the town of Rangpo where it forms 
the border between Sikkim and West Bengal up to Teesta Bazaar. At 
Teesta Suspension Bridge, which joins Kalimpong with Darjeeling, 
the river is met by its main tributary, the Rangeet River. At this point, 
it changes course southwards flowing entirely into West Bengal. The 
river hits the plains at Sevoke, where it is spanned by the Coronation 
Bridge which links the north east states to the rest of India. The river 
then courses its way to Jalpaiguri and then to Rangpur District of 
Bangladesh, before finally merging with the mighty Brahmaputra at 
Fulchori. 
The Mahanadi river in East Central India drains an area of 
around 132,100 km2 and has a total course of 858 km. The river 
flows through the states of Chhattisgarh, Orissa, and Jharkhand. 
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Like many other seasonal Indian rivers, the Mahanadi too is a 
combination of many mountain streams and thus its precise source 
is impossible to pinpoint. The hills here are an extension of the 
Eastern Ghats and are a source of many other streams which then go 
on to join the Mahanadi. For the first 80 km of its course, the 
Mahanadi flows in a northerly direction and drains the eastern 
portions of Raipur district. It is a rather narrow river at this stage, 
the total length of its valley not exceeding 500-600 metres. It then 
enters the old Bilaspur district where it is joined by its first major 
tributary, the Seonath. After being joined by the Seonath, the river 
flows in an easterly direction through the remaining part of its 
journey. It is joined by the Jonk and Hasdeo rivers here before 
entering into Orissa after covering about half of its total length. Near 
the city of Sambalpur, it is dammed by the largest earthen dam in the 
world, the Hirakud Dam. It also forms the biggest artificial lake in 
Asia, with a reservoir holding 743 km=^  at full capacity, with a 
shoreline of over 640 km. Dense forests cover the hills flanking the 
river here. The river enters the Orissa plains at Naraj, about 11 km 
from Cuttack, where it pours down between two hills a mile apart. A 
barrage has been constructed here to regulate the river's flow into 
Cuttack. 
The Godavari is a river that runs from western to southern 
India and is considered to be one of the big river basins in India. With 
a length of 1465 Km, it is the second longest river in India (only after 
the Ganges), that runs within the country. It originates near Trimbak 
41 
in Nashik District of Maharashtra state and flows east across the 
Deccan Plateau into the Bay of Bengal near Narasapuram in West 
Godavari district of Andhra Pradesh. It is also known as 
Dakshinganga. It enters Andhra Pradesh at Kandhakurthi in 
Nizamabad district, crosses the Deccan Plateau and then turns to 
flow in a southeast direction until it empties into the Bay of Bengal 
through two mouths. The Sri Ram Sagar Project which was 
constructed on this river (1964-69) serves the irrigation needs of 
Adilabad, Nizamabad, Karimnagarand Warangal districts. Although 
the river arises only 80 kilometres from the Arabian Sea, it flows 
1,465 km to empty into the Bay of Bengal .The Godavari River has a 
drainage area of 3, 42,812 km^ that includes more than one state 
which is nearly one-tenth of India Pravara, Indravati, Wainganga, 
Wardha, Pench, Kanhan and Penuganga rivers, discharge an 
enormous volume of water into the Godavari system. 
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S.No 
1. 
2. 
3. 
4. 
5 
6. 
7. 
8. 
9. 
10. 
Brahi 
11. 
12. 
13. 
14. 
Region and River 
Ganga River Basin 
Ganga River 
System 
Yamuna 
River System 
Main River 
Ramganga 
Gomtil 
Choti Deoria 
(Gomti2) 
Ghaghra 
Tons 
Sone 
Sharda 
Main River 
Sindh 
Chambal 
TOTAL NO OF SAMPLES: 
naputra river Basin 
Brahmaputra 
River System 
Brahmaputra 
Teesta 1 
Teesta2 
TOTAL NO OF SAMPLES: 
Mahanadi River Basin 
Godavari River Basin 
TOTAL NO OF SAMPLES F 
Location 
Kanpur, U.P 
Ramnagar, U.P 
Sultanpur , U.P 
Sultanpur, U.P 
Mehmudabad, 
U.P 
Rewa, M.P 
Chakgaht, M.P 
Boehari, M.P 
Palia, U.P 
Yamuna Nagar, 
Haryana 
Gwalior, M.P 
Kota, Rajasthan 
Dompara, Assam 
Teesta Barrage, 
West Bengal 
Cuttack, Orissa 
Manthani, A.P 
"ROM ALL LOCATK 
Latitude and 
Longitude 
26°28'N,80''24'E 
29''24'N, 79°7'E 
26°16'N, 82°4'E 
26°16'N, 82' '4'E 
27° 18'N, a r e ' s 
24°31'N, 8 r i 7 E 
24°3'N, 8 r 2 3 ' E 
26°55' N, 80°59' E 
29°58'N; 76°54'E 
24°14'N, 78°18'E 
25°10'N,75°52'E 
27°28'N, 94°15'E 
26°45' N; 88°36' E 
2 r 5 8 ' N , 86°07'E 
17°68' N, 77°40'E 
3NS*: 
n 
08 
07 
07 
01 
12 
12 
07 
05 
26 
10 
95 
04 
24 
28 
07 
01 
131 
"No of Samples subjected to availability of fish in the specific region. 
Table 1: Sampling Locations and no of samples of Channa marulius from 
each population across its natural range of distribution in India 
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A. Mitochondrial DNA Analysis: 
Sample Collection: Specimens of Channa marulius were collected 
through commercial catches from several rivers, belonging to 
different basins (Table 1, Plate 2) across its natural range of 
distribution. The blood was extracted through caudal puncture and 
fixed in 95% ethanol in ratio 1:5. Gomti 1 and Gomti 2 (Choti Deoria) 
represents 2 populations from river Gomti collected from 2 different 
locations. Teestal and Teesta 2 represent 2 populations from same 
river i.e. Teesta collected at 2 different time periods. 
DNA Preparation: Total Genomic DNA from fishes from each 
collection site was extracted from blood using Phenol-Chloroform 
Method by Ruzzante et al (1996). DNA was amplified using Universal 
Primers for MtDNA. For amplifying Cytochrome b region; Primers 
LI4841 and H15149 (Kocher et al, 1989) were used at following PCR 
conditions: 94°C, 5 mins,: 30 cycles of 94°C for 30 sees; 55°C for 1 
min; 72°C for 1 min 30 sees and final extension for 10 mins at 72°C. 
ATPase8 and ATPase6 region was amplified using primers; ATP8.2 
L8331and C0111.2H9236 (Sivasundar et.al, 2001) at PCR 
conditions: 94°C, 5 mins,: 30 cycles of 94°C for 30 sees; 55°C for 1 
min; 72°C for 1 min 30 sees and final extension for 10 mins at 72°C. 
DNA Sequencing: Double stranded PCR product was purified 
using elution method from Low melting Agarose gel. The purified PCR 
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Product was sequenced on automated DNA Sequencer MegaBace 500 
and ABI337. 
Analysis of DNA Sequences: DNA sequences were aligned using 
ClustalW and were analysed for determining parameters of 
population genetic variation. MEGA 5.0 (Tamura et al, 2007) was 
used to estimate parameters oi Genetic Variation. Sequence 
Composition and Molecular diversity indices, Genetic Differentiation 
and Fst values were calculated using Arlequin 3.11 (Excoffier et al, 
2005) and Haplotype diversity was estimated using DnaSP 4.5 (Rozas 
etal,2002>). 
B. Identification of Polymorphic micro satellite DNA markers in 
Channa marulius: 
Micro satellite enriched genomic library for commercially 
important species Channa marulius was constructed following the 
guidelines of Fleischer and Loew (1995). The same method has 
also been used earlier for construction of Genomic Library of 
Chitala chitala (Punia et al 2006). 
Digestion and dephosphorylation of genomic DNA 
5vig of genomic DNA was digested with 30 units of Sau 3A 
restriction enzyme in 50pl reaction at 37°C over night according 
to manufacturer instruction (MBI Fermentas). Digested product 
was then checked on 1% agarose for complete digestion. To 
prevent self-ligation 5' end of digested inserts were 
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dephosphorylated using 1 unit of CIAP enzyme at 37°C for 2 hrs 
followed by 20 min incubation at 65oC to inactivate CIAP enzyme. 
Extraction of DNA fragments 
Digested fragments were run on 1% low melting agarose along 
with lOObp ladder. Size selection of digested genomic DNA was 
carried out by gel extraction kit (Quigen). DNA fragments ranging 
from 300 to 800bp cut from gel and suspended in DNA solution 1 and 
incubated at 50oC until agarose was completely melted, and after 
mixing with buffer solution passed through the column (provided 
with kit). The column was washed twice with 0.75ml of PE buffer. 
DNA was eluted from the column by applying 20pl of elution buffer 
and centrifuged briefly and quantified on 1% agarose gel. 
Preparation of SAU linkers 
SAULA and SAULB oligonucleotide were used to synthesize 
complementary linkers. 1200 pmoles of SAULB was phosphorylated 
using T4 polynucleotide kinase enzyme and lOmM ATP. Reaction 
cocktail incubated at 37''C for 2 hrs followed by heating at 65°C to 
inactivate enzyme. Double stranded linkers were prepared using 600 
pmoles of SAULA and phosphorylated SAULB linkers in a 200)LI1 
reaction and left at room temperature for 10 min. 
Ligation of linkers to size selected genomic DNA 
Eluted fragments and linkers were heated at 65°C for 10 min to 
melt sticky ends and then placed at ice. Ijug (6.154 pmoles of end 
genomic DNA) of insert DNA and 6.154 pmoles of linkers were ligated 
using 5U of T4 DNA ligase in a 20pl reaction at 16oC for overnight. 
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Ligation product was then checked on 1% agrose gel for successful 
ligation. 
Amplification and purification of linker ligated inserts 
Genomic fragment were amplified in 50pl reaction mixture 
contained IX PCR buffer (10 mM Tris-HCl, pH 9.0 50 mM KCl; 
0.01%gelatin), 12.5mM of MgC12, 2.5mM of dNTP, 5pl (lOviM stock) 
of SAULA primer and 1.5U of Taq polymerase and 50ng of template 
DNA. Reaction conditions for amplification of genomic fragments were 
as follows. 
S.No. Steps 
Denaturation 
Annealing 
Elongation 
Final elongation 
Soaking 
Conditions 
1 Initial denaturation 94°C for 
minutes 
94°C for 40 
seconds 
60oC for 30 
seconds 
72°C for 2 
minute 
72° C for 4 
minutes 
4°C 
No.of 
Cycles 
} 1 cycle 
35 cycles 
1 cycle 
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Amplification was performed in MJ Research PTC 200 thermal 
cycler and the PCR products were stored at 4oC. 3]il of amplified 
inserts were checked on 1 % agarose for successful amplification. 
PCR product was precipitated by adding 1/10 volume (5M1) of 
3M sodium acetate and 2 volume (100|LI1) of ice cold absolute ethanol. 
Reaction then incubated in deep freezer (-20°C) for 30 min followed 
by centrifugation at 12,000 rpm for 10 min. Supernatant was 
discarded and pellete again washed with 70% ethanol and again 
centrifugated for 5 min. DNA pellete air dried for 10 min and 
dissolved in 25 pi of TE buffer. Purified product checked and quantify 
on 1% gel and used as probes for the hybridization with prepared 
microsatellite repeat. 
Construction of microsatellite repeats by ligation and 
amplification: 
Long sequences of microsatellite repeats were constructed and 
used to select large microsatellite repeat arrays from among the 
amplified inserts. Complementary pairs of oligonucleotides were used 
for the concatemeriztion. Each 20pg oligonucleotide of 
complementary pair was phosphorylated using lOU of T4 
Polynucleotide Kinase and 1 mM ATP in a 50pl reaction. Reaction 
cocktail incubated at 37°C for 2 hrs followed by heating at 65°C to 
inactivate enzyme. Spg phosphorylated complementary pairs of 
oligonucleotide ligated in 20pl reaction using 5U of T4 DNA ligase 
and 1 mM of ATP followed by overnight incubation at 15°C. Spl 
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ligated product checked on 1% agarose for successful 
concatmerization. 
S.No 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
Oligonucleotide 1 
(GT)10 
(GA)IO 
(CA)IO 
(AGA)IO 
(TAT) 10 
(CTT)IO 
(CCT)IO 
(GGC)IO 
(CTG)IO 
(CTC)IO 
(GACA)8 
(GCAC)8 
(GATA)8 
(CAGA)8 
Oligonucleotide 2 
(CA)IO 
(CT)IO 
(GT)IO 
(TCT)IO 
(ATA) 10 
(GAA)IO 
(GGA)10 
(COG) 10 
(GAC)IO 
(GAG)8 
(CTGT)8 
(CGTG)8 
(CTAT)8 
(GTCT)8 
To further increase the size of the oligonucleotide 
concatemer self priming PCR was done using 2pl concatemerized 
oligonucleotide in 50pl reaction mixture. Thermal profile include: [40 
cycles (94°C for 1 min, 6 5 X for 1 minute; and 72''C for 2 minutes) 
iinal extension 4 min at 72oC]. Amplified product was then purified. 
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3pl of these amplified repeats run along lOObp ladder on a 1.5% 
agarose gel to document the size and relative amount of the product. 
Hybridization of amplified inserts to amplified repeats. 
Selections of inserts that contain microsatellites were 
accomplished by hybridization of the amplified inserts to amplified 
repeats bounded to nylon filters. Ipg of amplified repeats were heat 
denaturised and spotted on 1 cm2 6X SSC soaked pieces of 
membrane and label each square (DNA side up) with repeat 
sequence. Membranes were then immobilized in UV crosslink at 
optimal intensity mode (1200pJ/Cm2) for 1 minute. Membranes then 
rinsed with denaturing solution (50mM KOH/0.01% SDS) and then 
6X SSC to remove any unbounded oligos. Membranes were pre wet in 
dH20 for 10 min and transferred to 1.5ml screw-top microfuge tube 
DNA side toward the inside of the tube. Membranes were pre 
hybridized in 1ml of hybridization buffer (Roche) at hybridization 
temperature for 1 hour. Pre hybridization solution was poured out 
and replaced with lOOpl of the same preheated hybridization 
solution. Ipg of amplified inserts denatured by heating to 95°C for 5 
minutes and added directly to hybridization buffer while hot and 
mixed with pipette. Tubes placed in rotating canister of a 
hybridization oven and incubated for overnight at 50°C for 
dinucleotide and 60°C for tri and tetranucleotid repeats. Membranes 
were washed with washing buffer {2.0 X SSC, 0.1% SDS) to remove 
unbound DNA for 15 minutes at room temp and 30 minutes at 
hybridization temperature. 
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Extraction and amplification of bound DNA from membrane 
Membranes were transferred to 1.5ml eppendorf tubes and 
lOOpl of denaturing solution (50mM KOH/0.01% SDS) was added in 
tubes. Solution pipetted over the filters 5-10 times at room 
temperature and left for 5min. Membranes were transferred to new 
eppendorf tubes and lOOpl of neutralizing solution (50mM Tris-HCl, 
pH 7.5/ 0.01% SDS) was added in tubes and solution pipetted over 
the filters 5-10 times and left in solution for 5 min. Both solutions 
were combined and mixed with 1/10 volume of 3.0M Na-acetate (pH 
8.0), 2vil of lOOpM SAULA primer, 2 volumes ice-cold 100% ethanol 
also added and placed in ultra-cold freezer (-80°C) for 30 minutes. 
Tubes centrifuged at 12000 rpm in refrigerated microfuge for 10 
minutes. Supernatant was discarded and pellet was rinsed in 400vil 
of 70% ethanol. Supernatant again discarded and pellets re 
suspended in 20pl of T.E buffer. Extracted inserts DNA re amplified 
in a 50^ 11 PCR reaction with the SAULA primer except that 5vil of 
post-hybridization insert DNA was used. Amplified product purified 
and checked on 1.5% agarose to check amplification. 
Digestion, purification and phosphorylation of inserts 
Linkers were removed from 45]al of hybridized inserts using 
20U of SauSA restriction enzyme in 50pl reaction at 37°C for 2 hrs. 
Digested product was checked on 1% agarose for removal of linkers. 
Inserts were purified from digested linkers using QIAGEN purification 
kit. Digested inserts mixed in DNA solution I and then passes 
through the column (provided with kit). The column was washed 
50 
twice with 0.75ml of buffer PE. DNA was eluted from the column by 
applying 20pl of elution buffer and centrifuged briefly. Eluted inserts 
DNA quantified on 1% agarose gel .Eluted inserts were 
phosphorylated using lOU of T4 Polynucleotide Kinase and ImM ATP 
in a SOpl reaction for 1 hour at 37°C. 
Preparation of Vector (pUC19) 
lOpg of pUC19 was digested with 15 units of BamHl enzyme 
(sticky end cutter) in a 50vil reaction at 37°C for overnight. Digested 
product was checked on 1% agarose for successful digestion along 
with size standard (A Hindlll/EcoRI). Digested product purified by 
ethanol precipitation and dissolved in 20pl of TE buffer. The 
phosphate group removed from digested plasmid using Calf Intestinal 
Alkaline Phosphatase enzyme to prevent self ligation as per 
instruction provided by manufacturer in a 30pl reaction at 37°C for 2 
hrs. 
Ligation of Vector and inserts 
50ng of digested plasmid ligated with lOOng of prepared inserts 
in a 20vil reaction by using lOOmM of ATP and incubated in water 
bath at 16°C for overnight and was stored in -20°C until 
transformation. 
Preparation of competent B. coli cells 
Fresh competent cells were prepared using calcium chloride 
method (Sambrook et al, 1989). DHSa cells were taken from stock 
and inoculated in 3 ml 2X LB broth. Cells were cultured at 37°C and 
250 rpm for overnight. Next day 1 ml of cultured broth was 
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inoculated in 100ml of fresh 2X LB broths. Culture was grown at 
37°C and 250 rpm till O.D of culture reached 0.3-0.4 at 600nm. 
Culture was transferred aseptically to sterile, disposable, ice-cold 50-
ml polypropylene tubes and Chilled on ice for 10 minutes. Cells were 
recovered by centrifugation at 4000 rpm for 10 minutes at 4°C. Media 
was discarded the from the cell pellets and tube was kept inverted the 
tubes in an inverted position for 30 minute to allow the last traces of 
media to drain away. Pellet was re suspended in 10 ml of ice-cooled 
O.IM CaC12 and stored on ice for 15 min. Cells were was again 
centrifuged at 4000 rpm for 10 minutes at 4°C. Supernatant was 
discarded and pellet re suspended each pellet in 4 ml of ice-cooled 
0.1 M CaC12. Competent cells stored at 4''C for overnight before 
transformation. 
Transformation of competent cells with ligation mixture 
Transformation was performed using heat shock procedure 
(Sambrook et at, 1989). 10|il (~50ng) of hgation mixture was added 
directly to the 200vil of competent cell in a 1.5 ml tubes and 
incubated on ice for 30 min. A heat shock of 90 seconds was given by 
transferring the tubes to 42 °C water bath and immediately putting 
back on ice for two minutes. 800pl of 2X LB were added to the tube 
and incubated at 37°C in a shaker incubator at 200rpm. After an 
hour of incubation, 200vil of culture was plated on LB agar plates 
containing Ampicillin (lOOmg/ml), X Gal and IPTG and incubated at 
SVC for overnight. Plates were observed next day for the presence of 
blue and white colonies. 
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Screening of microsatellite enriched genomic library by colony 
PCR 
50|il of fresh culture was taken in PCR tubes and denatured at 95°C 
for 5 minutes before adding to PCR reaction tube. Colony PCR was 
set up using IX PCR Buffer; 2.5mM dNTP; 5 pmoles of M13 primer 
(Forward and Reverse each); 1.5U of Taq DNA Polymerase and 50ng 
of denatured culture in 10 pi reaction volume. Thermal Profile is as 
follows: 
S. No. Steps Conditions Cycles 
1 Initial denaturation 94°C for 5 } 1 cycle 
Denaturation 
Annealing 
Elongation 
3 Final elongation 
mmutes 
94°C for 30 
seconds 
60 °C for 30 
seconds 
35 cycles 
72°C 
mmute 
for 
72° C for 7 
minutes 
} 1 cycle 
4 Soaking 4° C 
5]i\ of PCR Product was checked on 1% agarose along with 100 bp 
DNA ladder to note the size of amplified inserts. Colonies containing 
inserts were streaked from their glycerol stocks on 2X LB plates 
containing X-Gal, IPTG and Ampicillin and were incubated overnight 
at 37°C. 
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Plasmid isolation 
Colonies were picked and inoculated in 3 ml of 2X LB broth 
containing ampicillin(lMl per ml) followed by overnight incubation at 
37°C. Culture was pelleted in 1.5 ml tubes at 14000 rpm for 5 mins 
and plasmid was isolated manually according to Alkaline Lysis 
Method by Sambrook et.al (1989) for final sequencing. Pellet was re 
suspended in lOOpl of Alkaline Lysis solution I by vortexing.200 pi of 
freshly prepared Alkaline Lysis solution II added and contents were 
mixed by inverting tubes several times. Tubes were stored on ice for 5 
min. Alkaline Lysis Solution III was added to tubes, again mixed by 
inverting tubes and incubated on ice for 5 min. Tubes were then 
centrifuged at 14000 rpm for 10 min at 4''C and supernatants were 
transferred to a fresh tubes. 
Equal amount of phenol was added followed by vortexing for 1 
min and then centrifugation at 14000 rpm, 5 mins, 4°C. The aqueous 
phase was transferred to a fresh tube to which equal volume of 
Chloroform and Isoamyl Alcohol (24:1) was added. Vortexing was 
done followed by at 14000 rpm, 5 mins, 4°C. Aqueous phase was 
again transferred to a fresh tube to which double volume of absolute 
ethanol was added and incubated on ice for 30 minutes. The pellet 
was recovered by centrifugation, washed with 70% ethanol and air 
dried for 15 min. Pellet was dissolved in 50]J1 of T E buffer containing 
DNAase free pancreatic RNAase (20pg/ml) and stored at 4°C 
overnight .2vil of DNA was checked on 1% agarose gel for successful 
isolation and quantification. 
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Sequencing of plasmids 
Plasmids were sequenced using Big Dye terminator kit 
(Amersham Biosciences) and the reaction consisted of 5 pmoles M13 
forward primer, 4vil sequencing premix (supplied with kit) and 200ng 
plasmid in lOpl reaction mixture. Thermal profile includes: 
S. No. Steps Conditions No. of 
Cycles 
1. Denaturation 94°C for 30 
25 cycles 2. 
3. 
4 
Annealing 
Elongation 
Soaking 
seconds 
50°C for 
seconds 
60°C for 
nainute 
4°C 
20 
1 
forever 
Sequenced product was purified by adding Ipl of 7.5M ammonium 
acetate and 27.5vil of absolute ethanol to each tube. Reaction was 
incubated at ice for 15 min precipitated by centrifugation at 12000 
rpm for 15min. Pellet was washed with 200]Jil of 70% ethanol and 
vacuum dried for 5 min. Pellet was dissolved in lOyl of MegaBase 
loading solution and loaded in sequencing plates.. Sequencing was 
done on Amersham Biosciences MEGABASE Automated machine. 
Samples injected in the capillaries filled with matrix at 3V for 60sec 
and run at 9V for ISOmin. 
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chapter Four 
4. ^a^VLlSjtmxDISCVSSIOiNS 
A: Mitochondrial DNA markers 
1-Cytochrome b region 
Sequence composition: Out of total of 349 bp of Cytochrome b 
mitochondrial gene amplified, 307 bp fragment was analyzed to 
determine genetic variation. The average frequencies of four 
nucleotides for all the 131 samples of C. marulius are A: 25.40%; T: 
27.79%: G: 15.73%; C: 30.98%. Cytochrome b region in C. marulius 
was found to be AT rich (53.19%) and transition to transversion ratio 
was 4.9. Cytochrome b sequence data generated 28 haplotypes (Table 
2a). Samples from river Brahmaputra, Yamuna, Mahanadi, Teestal 
and Teesta2 exhibited single population specific haplotypes each 
(Table 3a). Most common haplotype HOI was found across 5 
populations namely Ganga, Sone, Sindh, Chambal and Tons. The 
next most common haplotype H02 was present in samples from Sone, 
Ganga and Sindh and Tons. Out of 28 haplotypes HOI, H02, H06 and 
H16 were shared haplotypes, rest all specific for respective 
populations. Total 46 variable sites were identified (Table 2a) and 34 
of them were parsimony informative. Relative frequencies of 
haplotypes (Table 3a) revealed maximum frequency of 1.0 shown by 
population specific haplotypes of river Ghaghra, Yamuna, 
Brahmaputra, Teesta2, Mahanadi and Godavari. Minimum haplotype 
frequency was shown by H25 (0.038) in Sindh river. All 15 
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populations gave population specific haplotypes (Table 5). Maximum 
number of such unique haplotypes was seen in Sharda and Teesta 1. 
Nucleotide and Haplotype Diversity: Mean no of polymorphic loci 
was estimated to be 4.30 and mean nucleotide diversity (pi) was 
0.009. Haplotype diversity (Hd) was found to be 0.895 and variance of 
Hd 0.00027. Mean diversity for entire population (d) was 0.014. Mean 
inter population diversity was 2.147.Coefficient of Differentiation for 
entire samples was 1.528. Haplotype and Nucleotide diversity for 
Brahmaputra, Mahanadi, Yamuna, Teesta2 and Tons samples was 
0.00 as these rivers gave single haplotypes whereas for Sharda, Sone, 
Ganga, Gomti, Sindh, Teesta 1 and Chambal samples Haplotype 
Diversity (Hd) ranged from 0,200 to 0.809 and Nucleotide diversity 
(pi) ranged from 0.0006 to 0.026 (Table 4). 
Molecular Diversity Indices and Genetic Differentiation: Analysis 
of Molecular Variance (AMOVA) within 15 populations (Table 7a) 
revealed that out of total variation, approximately 4% variation was 
present among the groups, 80% variation was observed among 
populations within groups i.e. total 84.69% of variation was seen 
among the populations. Variation within the population was 
15.32%. Population structuring was revealed by Fst value of 0.84 
Population pair wise Fst values (Table 6a) ranged from 0.01 to 1.00 
with significant probability values(p< 0.05) for all population pair 
except for Sindh-Tons where probability value was insignificant 
(p>0.05). 
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2-ATPase 6 and 8 region; 
Sequence composition: Total of 842 bp of ATPase 8 and ATPase 6 
mitochondrial gene amplified, was analyzed to determine genetic 
variation. ATPase 8 region was detected from 1-168 bp of the 
sequence and ATPase 6 region spanned from 159-842bp. An 
overlapping region of 10 bp was also seen from 159-168 bp. The 2 
regions have been analysed together for variation in this study. The 
average frequencies of four nucleotides for all the 131 samples across 
15 populations of C. marulius are A: 26.45%; T: 26.25%; G: 11.65%; 
C: 35.59%. Nucleotide sequences of ATPase 8 and ATPase 6 in were 
AT rich (52.7%) and transition to transversion ratio was 3.417 
ATPase 8 and ATPase 6 sequence data generated 35 haplotypes 
(Table 2b). Samples from river Teesta, Sone, Chambal, Sindh, Gomti 
and Tons exhibited population specific haplotypes (Table 5). Most 
common haplotype HI was found across 10 populations namely 
Mahanadi, Teesta 1, Yamuna, Brahmaputra, Ghaghra, Sharda, 
Godavari, Sindh, Gomti and Tons (Table 3a). The next most common 
haplotype was H02 which was present in samples from Ganga and 
Sindh. Except Yamuna, Ghaghra and Godavari, all populations 
exhibited population specific haplotypes. Total 47 variable sites were 
identified (Table 2b) and 23 of them were parsimony informative. 
Relative frequencies of haplotypes (Table 3b) revealed maximum 
frequency of 1.0 shown by population specific haplotypes of rivers 
58 
Ghaghra, Yamuna, Teesta 2 and Godavari. Minimum haplotype 
frequency was of H28-H34 (0.039) in river Sindh. 
Nucleotide and Haplotype Diversity: Mean no of polymorphic loci 
was estimated to be 4.53 and mean Nucleotide diversity (pi) was: 
0.00358 Haplotype Diversity (Hd) was found to be 0.889 and 
variance of Hd was 0.00037, Mean diversity for entire population (d) 
wasO.0036. Mean inter population diversity was 2,147.Coefficient of 
Differentiation for entire samples was 5.992. Haplotype and 
Nucleotide diversity for Yamuna and Teesta 2 was 0.00 as these 
rivers gave single haplotypes whereas for rest of the samples 
Haplotype Diversity (Hd) ranged from 0.46 to 0.83 and Nucleotide 
diversity (pi) ranged from 0.00034 to 0.0042 (Table 4). 
Molecular Diversity Indices and Genetic Differentiation: Analysis 
of Molecular Variance (AMOVA) within 15 populations of C. marulius 
revealed that out of total variation, no significant variation (-5.28%) 
was present among the groups, 63.78% variation was observed 
among populations within groups i.e. total 63.78% of variation was 
seen among the populations. Variation within the population was 
41.49%. Population structuring was revealed by Fst value of 0.58 
(Table 7b). Population pair wise Fst values (Table 6b) ranged from 
0.17 to 1.000 (p< 0.05) for all the population pair except for Ganga-
Gomti 2 and Ganga-Sharda for which probability value was 
insignificant (p^ 0.05). 
Since there was only 1 sample available from river Ghaghra 
and Godavari, these 2 samples were only considered up to haplotype 
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level analysis and were not considered further especially in case of 
population pairwise Fst analysis. 
B: Microsatellite Markers 
i) Identification of microsatellite sequence containing clones: 
Total 220 white colonies were obtained upon plating of Genomic 
Library. Upon amplifying the colonies with M13 Forward and Reverse 
Primer, 50 colonies confirmed the presence of inserts. The inserts 
ranging from 200-400 bp were selected for plasmid isolation. Out of 
50 colonies plasmid was successfully isolated from 44 samples 
containing inserts and was sequenced in order to obtain 
microsatellite repeats. Out of 44, 6 repeat regions were identified 
(Table 8a). 
ii) Identification of Microsatellite markers 
5 out of 6 microsatellite repeats were found to be suitable for 
designing primers. Primer sequences are given in table 8 b. CML-90 
and CML-212 gave CA repeats, CML-93, CML-102 and CML-139 
contained TA repeats. Whereas CML-130 gave GA repeat. Annealing 
temperatures for CML-93, CML-130 and CML-212 was 45°C whereas 
for CML-90 and CML-102 it was 40°C, Out of all, CML-93 locus was 
observed to be polymorphic having 2 alleles of sizes 86 and 84 bp. 
Rest all loci were found to be monomorphic. 
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iii) Cross species amplification 
Except CML-102 all the primers amplified in Channa marulius 
samples upon testing on 2 distant populations of river Teesta2 and 
Chambal. These primers were also tested on related species such as 
Channa punctatus, Channa striatus, Channa gachua and Channa 
orientalis. CML-90 and CML-93 successfully amplified in all related 
species and amplified products in related species corresponded to 
that of donor species i.e. C.marulius Amplification details are given in 
Table 8c. 
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S.No 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
Population 
Ganga 
Gomti(l) 
Choti Deoria 
(Gomti2) 
Ghaghra 
Tons 
Sone 
Sharda 
Yamuna 
Sindh 
Chambal 
Brahmaputra 
Teestal 
Teesta2 
Mahanadi 
Godavari 
Cytochrome b 
analysis 
(h) 
4 
4 
3 
1 
4 
5 
4 
1 
4 
2 
1 
1 
3 
1 
1 
(Hd) 
0.785 
0.809 
0.714 
0.000 
0.681 
0.757 
0.857 
0.000 
0.618 
0.200 
0.000 
0.000 
0.581 
0.000 
0.000 
(Pi) 
0.0087 
0.01027 
0.00281 
0.000 
0.0040 
0.0084 
0.0062 
0.000 
0.0048 
0.0006 
0.000 
0.000 
0.0262 
0.000 
0.000 
_ 
ATPase analysis 
(h) 
3 
2 
3 
1 
3 
8 
3 
1 
10 
2 
3 
1 
6 
2 
1 
(Hd) 
0.607 
0.285 
0.666 
0.000 
0.590 
0.893 
0.523 
0.000 
0.738 
0.466 
0.833 
0.000 
0.490 
0.285 
0.000 
(Pi) 
0.00131 
0.00034 
0.00102 
0.000 
0.00121 
0.00423 
0.00124 
0.000 
0.00312 
0.00055 
0.00178 
0.0000 
0.00423 
0.00034 
0.000 
Table 4: No of Haplotypes (h), Haplotype Diversity (Hd) and Nucleotide 
Diversity (Pi) across 15 populations of C. marulius. 
S.No 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
Population 
Ganga 
Gomtil 
Gointi2 
Ghaghra 
Tons 
Sone 
Sharda 
Yamuna 
Sindh 
Chambal 
Brahmaputra 
Teestal 
Teesta2 
Mahanadi 
Godavari 
Unique Haplotype in 
Cytochrome b 
HIO, H23 
H06,H11 
H13 
H18 
H28 
H21, H22 
H14, H15, H19 
H08 
H17, H25 
H27 
H09 
H03,H04,H26 
H07 
H05 
H20 
Unique Haplotype in 
ATPase 
H12 
-
H35 
-
H09 
H08,H11,H23-H27 
H21,H22 
-
H13,H28-H34 
H06,H10 
H19, H20 
H03,H15-H18 
H07 
H14 
-
Table 5: Population specific haplotypes found across 15 populations in 
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Source of 
variation 
Among 
groups 
Among 
populations 
within 
groups 
Within 
populations 
Total 
Fixation 
Indices 
d.f. 
3 
11 
1038 
1052 
Sum. of 
squares 
686.11 
1467.11 
448.15 
2601.38 
Variance 
components 
0.13126 Va 
2.25590Vb 
0.43175 Vc 
Percentage of 
variation 
4.66 
80.03 
15.32 
2.818 
Fst : 0. 84648 Fsc: 0.83936 Fct.'0.04656 
TABLE 7(a): AMOVA analyses of Cytochrome b sequences for 15 
populations of Channa maruUus. 
Source of 
variation 
Among 
groups 
Among 
populations 
within 
groups 
Within 
populations 
Total 
Fixation 
Indices 
d./. 
3 
11 
1050 
1064 
Fst:C 
Sum. of 
squares 
268.46 
757.38 
792.98 
1818.841 
).58507 
Variance 
components 
-0.09606 Va 
1.16097 Vb 
0.75523 Vc 
Percentage of 
r/ariation 
-5.28 
63.78 
41.49 
1.82014 
Fsc: 0.60587 Fct: -0.05277 
TABLE 7(b): AMOVA analyses of ATPase 8 and 6 sequences for 
15 populations of Channa marulius. 
S.no 
1 
2 
3 
4 
5 
6 
Locus 
CML90 
CML93 
CML 102 
CML 130 
CML 139 
CML212 
Repeat 
(CA)i4 
(TA)8 
(AT)6 
(GA)9 
(AT)7 
(CA)i7 
Gel Image 
Fig 14 
Fig 15 
No Amplification 
Fig 16 
NA 
Fig 17 
Table 8a: Microsatellites Identified in Channa marulitis 
S.No 
1 
Locus 
CML 90 
2 CML93 
3 CML102 
4 
CML130 
5 
6 
CML139 
CML212 
Primer Sequence (5'-3') 
F- GAG TTC TGA AAC CTC TCC AG 
R- GOT CGA CTC TAG AGG ATC TGT 
F-GCA GAC GGG GGA CTT TTA AT 
R-GCT GAG ATA GOT GCC TCA CTG 
F- AGC TGA TTT CCT GTG TGA AT 
R- TGA AGT TTT AAA TCC TTC TTC TC 
F- CGA TTC CAA ACC CAG TGA AT 
R- TTT GAA GAT AAC TGT GCC ATG C 
Not suitable for primer designing 
F- AGC TCT CTT TCG CGC TTC T 
R- GCG TGG GAT GGT AAT TGA AG 
No of 
bases 
20 
21 
20 
21 
20 
23 
20 
22 
NA 
19 
20 
Ta 
40°C 
45°C 
40°C 
45°C 
NA 
45°C 
Monomorphic 
/ 
Polymorphic 
Monomorphic 
Polymorphic 
No 
Amplification 
Monomorphic 
NA 
Monomorphic 
Size 
177bp 
86bp. 
84bp 
NA 
217bp 
NA 
307bp 
Table 8b: Identification of microsatellite markers and primers designed. 
S . N o 
1 
2 
3 
4 
5 
6 
Table 8 c 
Locus 
CML 90 
CML93 
CML 
102 
CML 
130 
CML 
139 
CML212 
' Cross Spe 
Cross Species Amplification 
C. 
striatus 
V 
V 
-
-
NA 
V 
c ie s amplif 
C. 
puncttttus 
V 
V 
-
-
NA 
V 
i cat ion in reli 
C. 
gachua 
V 
V 
-
V 
NA 
-
iited Chann 
C. 
orientalis 
V 
V 
-
-
NA 
V 
ids. 
Gel Image 
Fig 19; Plate 12 
Fig 20; Plate 12 
NA 
Fig 21 ; Plate 13 
NA 
Fig22;Pla te l3 
Fig 7: Genomic DNA isolated from Channa maruUus blood preserved in 
95% ethanol. 
Fig 8: Amplified partial Cytochrome b region in Channa marulius run 
against lOObp DNA ladder. 
Pig 9: Complete ATPase 8 and ATPase 6 region, amplifled in Channa 
marulius, run against lOObp DNA ladder. 
Fig 10: Colony PCR of clones isolated from genomic library of Channa 
maruUua, run against LambdaDNA/Bco Rl/Hindll l Double digest 
ladder. 
Fig 11: Plasmids isolated from clones containing inserts. 
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Figure 16: Primer CML-130 amplified in Channa marulius, run against 
pBR322 DNA/Msp I digest ladder 
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Figure 17: Primer CML-212 amplified in Channa marulius, run against 
pBR322 DNA/Msp I digest ladder 
1 2 3 4 5 6 7 M 8 9 10 11 12 13 14 
f A i 
* 
L • 
•— 
• ^ ^ • 
' - ' 
Ik ^ 
1 
2-4: Channa striatus 
5-7: Channa punctatus 
8-10: Channa gachua 
12-14: Channa orientalis 
Figure 18: Cross spec ie s amplification of CML-90 in related spec ies . 
1 2 3 4 5 6 7 8 M 9 10 11 12 13 14 
2-4: Channa striatus 
5-7: Channa punctatus 
9-11: Channa gachua 
12-14: Channa orientalis 
i^ 4 ik ik 4 4 4 4 A 4 
Figure 19: Cross spec ies amplification of CML-93 in related spec ies . 
1 2 3 4 5 6 7 M 9 10 11 12 13 14 
2-4: Channa striatus 
5-7: Channa punctatus 
9-11: Channa gachua 
12-14: Channa orientalis 
Figure 20: Cross species amplification of CML-130 in related species. 
1 2 3 4 5 6 7 8 M 9 10 11 12 13 14 
2-4: Channa striatus 
5-7: Channa punctatus 
9-11: Channa gachua 
12-14: Channa orientalis 
Figure 2 1 : Cross species amplification of CML-212 in related species. 
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(DISC0SSIO9{ 
Understanding of population genetic structure of a species 
provides critical information for developing conservation and 
management strategies for natural fish populations as well as fishes 
having threatened status. The population structure of freshwater 
organisms is primarily dependent on the distribution of river systems, 
as has been reported by several authors (Ikeda et al, 1993; Hara et 
al, 1998).In general results obtained by analysing partial 
Cytochrome b and complete ATPase region in Channa marulius 
mtDNA were found to be congruent for samples from some of the 
localities, although some differences were also observed. These 
differences could probably have surfaced due to the fact that different 
regions of mtDNA evolve at different rate. The choice of more than 
one region was made so as to resolute the wild populations of C. 
marulius in and also to get an insight into the population structure of 
this species. 
1.Cytochrome b marker; 
The Cytochrome b gene has been reported to be useful in 
detecting intraspecific variation in several fish species as this region 
is found to be polymorphic across orders. The observed order of most 
represented bases: C>T>A>G was in conformity to the Cytochrome b 
reported for Percid fishes (Song 1998). Also the level of G observed in 
C marulius was in accordance with the level found in other 
snakeheads (Munafi et al, 2007). Nucleotide sequences of 
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Cytochrome b were found to be AT rich (53.19%) which is similar to 
many other fishes (Johns and Avise 1998). The region has been found 
to be polymorphic and has been successfully used for studying intra 
specific genetic diversity in various fish species like Salmo trutta 
(Apostolidis, 1997; Bouza et al, 2008); Cyprinodon variegates (Finne, 
2001); Salvielinus teucomaems (Yamamoto et al, 2004, Kubota et al, 
2007); Lates calcarifer (Marshall, 2005); Barbus xanthoptems (Fayazi 
et al, 2006); Neosalanx taihuensis (Zhao et al, 2008); Zoogonecticus 
quitzeoensis (Dominiguez, 2008) and Acipencer sturio (Pages et al, 
2009). 
Out of total 28 haplotypes found upon analysis of Cytochrome 
b in C. marulius. The most common haplotype hOl was found across 
all major rivers of Ganga and Yamuna river system. Haplotype hOl 
was detected in main Ganga river, its tributaries like Son and Tons. 
In case of Yamuna, presence of hO 1 was dominant in tributaries like 
Sindh and Chambal but not found in the main Yamuna river. The 
next most common haplotype h02 was also detected in the same 
drainages similar to the distribution of haplotype hO 1. Apart from 5 
shared haplotypes, Ganga river system also contained population 
specific haplotypes i.e. hlO, h23 for main river, h i 4 , h l 5 and h 19 for 
Sharda, h21 , h23 for Son and h28 for Tons. Entire Ganga river 
system was found to have a total of 25 haplotypes out of which 
relative frequency of the most widespread haplotype hOl was 
maximum in Tons (0.50) followed by haplotype h02 in Son (0.42). 
Another remarkable feature was that out of 5 shared haplotypes. 
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overall maximum relative frequency was of h l 6 in river Son. 
Minimum frequency among shared haplotypes was shown by 
haplotype h02 in main Ganga river. This illustrates that most 
haplotypes of Ganga river basin are contributed by rivers Son and 
Tons. It can be put forward that a genetic drift might have occurred 
in past from these 2 tributaries and some populations might have 
radiated to other basins of Ganga river system. These populations 
have occupied suitable locations and would have evolved 
independently over the course of time and today they form a 
significant C.marulius gene pool in this river system. 
Similarly in Yamuna river maximum relative frequency of hOl 
is in Chambal (0.9) followed by h02 (0.5) in Sindh. It is interesting to 
note that these 2 dominant haplotypes have no occurrence in main 
Yamuna river system. This reveals that Chambal and Sindh are 
major contributors to Yamuna. Since Yamuna is the largest tributary 
of Ganga, presence of hOl and h02 can be implicit in both these 
rivers in almost concordant ratios i.e. relative frequency of hOl is 
0.38 in main Ganga river and 0.385 in Sindh, a tributary of Yamuna. 
Relative frequency of h02 is higher in Son (0.42) and Sindh (0.5) 
which are tributaries of Ganga and Yamuna respectively. Again 
similar relative frequencies of 2 most dominant haplotypes indicated 
towards existence of a common gene pool of C. marulius for these 
rivers. 
Main Stream of Yamuna River was represented by single 
population specific haplotype h08 while its tributaries Sindh had 
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h i 7 , h25 and Chambal had h27 as their population specific 
haplotype. River Gomti which is a significant contributor to Ganga 
river system gave one shared haplotype h06 with river Sharda. Rest 
all haplotypes of Gomti ( h l l , h i2 , h l 3 and h24) were population 
specific. In spite of small no of samples available from individual 
rivers a considerable no of population specific haplotypes were seen. 
Occurrence of shared haplotypes between Ganga and Yamuna 
basins clearly reflected that these populations might have evolved 
from same ancestors. Ganga and Yamuna rivers though have 
separate origins but since latter is a major tributary of Ganga hence 
it can be postulated that there must have been a common ancestor. 
As opined by Chondar (1999), murrels are local migrants travelling 
only for a short distance for the purpose of feeding or locating 
suitable breeding grounds to avoid stress conditions of existing 
ecosystem. Thus, after separation of populations from same ancestor, 
these populations evolved in different directions to have population 
specific haplotypes. 
An interesting point to note was that the haplotypes h03 and 
h04 were only found in Teesta 1 river from Brahmaputra river 
system. Haplotype h03 was found to be population specific. None of 
the haplotypes from Teesta river {h26 for Teesta 1, h07 for Teesta 2) 
were shared in any other population. Samples from river Teesta were 
collected at different time period and hence referred as Teesta 1 and 
Teesta 2 samples sets. In river Brahmaputra also only a single 
unique haplotype (h09) was detected. This indicated that Teesta and 
65 
Brahmaputra could be genetically distinct populations. This river 
system is largest in North eastern region of India and also quite 
separated from rest of the Indian river systems. Therefore inference 
from analysis of Cytochrome b revealed that the populations of C. 
marulius are highly localised in this part exhibiting low intra 
population variation. Samples from these basins (Brahmaputra, 
Teestal and Mahanadi) were represented by 1 or more population 
specific haplotypes. In case of Teesta 1 where 3 population specific 
haplotypes are seen, the relative frequency is highest for h26 (0.55). 
Teesta 2 has lunique haplotype h07 with relative frequency 1.00. 
This clearly supported the localized migration of fish. That caused 
independent evolution of population units. Population of river 
Mahanadi was characterized by another unique haplotype h05. Like 
all other populations, this population also seemed to be 
reproductively isolated showing no genetic diversity. 
From river Ghaghra and Godavari, only 1 sample was 
available. Since a single sample is unable to resolve any population 
and may give ambiguous results, for any further analysis these 2 
samples were not included. However, the only haplotype found in 
these rivers were not shared in any of the samples from other locality. 
Haplotype diversity (H) is the measure of the uniqueness of a 
particular haplotype in a given population whereas Nucleotide 
diversity (Pi) indicated the mean number of differences between all 
pairs of haplotypes in each population and is also considered as 
diversity index of a population. Across all the river basins H was seen 
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to be relatively high (0.20-0.80) and Pi was found to be relatively low 
(0.0006-0.026). This reflected recent expansion or short evolutionary 
history of the populations (Avise, 2000; Cook 1997; Frankham, 1996) 
in C. marulius as revealed by Cytochrome b analysis. 
AMOVA also supported above results by revealing low within 
population variation and significantly high among population 
variation in C. manilius. It is reported that a migratory fish species 
has 85% and 15% of its diversity within and between local 
populations, respectively and 67.6% and 32.4% for a non migratory 
fish (Vrijenhoek, 1998). In this study the values obtained are even 
higher to the ones reported for a non migratory fish, showing higher 
among population variation and lower within population variation. As 
mentioned earlier murrels only migrate under specific conditions and 
are otherwise highly localized as a population. Fst value of 0.84 also 
indicated towards significant differentiation among populations 
analysed in this study. 
Population pair wise Fst, analysis revealed the lowest 
population pair wise Fst (0.01) value between Sindh and Tons rivers 
which are separated by relatively lesser geographical distance. 
Highest Pair wise Fst (1.0) was observed between the following pair 
Brahmaputra-Yamuna; Teesta2-Yamuna; Teesta2-Brahmaputra; 
Mahanadi-Yamuna and Teesta2-Mahanadi. Also Fst p values for 
these population pair were found to be significant (p< 0.05). Fst P 
values were significant for all the population pair except Chambal-
Gomti and Mahanadi- Sharda. Cytochrome b data hence revealed 
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significant genetic differentiation in almost all the population pair. 
Genetic diversity within populations was also calculated by using Fst 
values for individual populations. Genetic diversity between 
populations was evaluated by population Pair wise Fst values. Upon 
Cytochrome b analysis it was found that all populations covered in 
this analysis, namely Ganga, Gomti 1, Gomti 2 (Choti Deoria), Son, 
Sharda, Yamuna, Sindh/Tons, Chambal, Brahmaputra, Teesta 1852 
and Mahanadi were likely to harbour different genetic stocks in wild 
populations of C marulius. 
Based on population Pair wise Fst, a Neighbourhood Joining 
(NJ) tree was also constructed. This tree is generated to get a basic 
outline view of distribution of different genetic stocks of C. marulius. 
As evident from the tree, population from Gomti 2 comes closer to 
Ganga whereas Gomti 1 is closer to Sharda. Chambal river shows 
some distance from rest of the populations of river Yamuna. Within 
the vast Ganga river system, different stocks can be identified based 
on NJ tree. In Brahmaputra River System, population from main 
Brahmaputra river and samples from Teesta 1 are 2 separate clusters 
acting as 2 separate stocks. Mahanadi river population comes across 
as the most distant stock almost closer to Teesta 2 which can b 
identified as an out group. 
It can hence be considered that mtDNA Cytochrome b fragment 
of 307 bp is observed as a potential marker for studying genetic 
variation both within as well as among populations. The results of 
present analysis of Cytochrome b clearly demonstrated the 
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differences occurring within the wild populations such as Ganga (4 
haplotypes); Gomtil and Gomti2 (4 and 3 haplotypes respectively); 
Tons, Sharda Sindh and Teesta 1 and Teesta 2 (3 and 2 haplotypes 
each); Son and Chambal (5 and 2 haplotypes respectively). In a 
number of reports, mtDNA has proved useful for resolving population 
groups especially where morphological analyses were either 
inadequate or controversial (Avise, 1994) and therefore assisted in 
determining priorities for conservation. In case of Sardina pilchardus 
(Finne, 2001), mtDNA Cytochrome b sequence analyses, indicated 
that no strong hydrographical or environmental factors acted as sub 
structuring force in the Adriatic population of the fish and so from a 
fishery management perspective, the conclusions gave precious 
demographic information to define the pattern of exploitation of this 
fish species. 
The population structuring as revealed by Cytochrome b 
analysis indicated that wild populations of C. marulius from majority 
of the localities were distinct from one another except in case of 
Sindh and Tons rivers. Both these rivers are a part of Ganga River 
System and hence the probability of these populations originating 
from any common ancestor. Although the two river areas are distant 
and do not join anywhere. However such phenomenon could happen 
due to homoplasy where under a similar kind of environments the 
DNA regions might evolve similarly after separation from common 
ancestral populations (Avise, 2000). All the other populations are 
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distinct from one another and can be regarded as independent 
genetic stocks. 
2.ATPase 8 and ATPase 6 marker 
ATPaseS and ATPase6 genes of mtDNA are generally variable in 
vertebrates (Zardoya 86 Meyer, 1996). These genes have been 
consistently found to have high evolutionary rate (1.3% per million 
years) in fishes (Bermingham et al, 1997). ATPase 8 and ATPase 6 
regions have been successfully analysed for both phylogeny as well as 
phylogeography in several fish species, (Chow et al, 2004; 
Dammannagoda et al, 2008; Vergara-Chen et al, 2009). An analysis 
of the variation of ATPase 8 and ATPase 6 DNA in different Cyprinids 
has proved that these genes are useful genetic markers to monitor 
the variations in progeny of crosses (Xin-Hong et al, 2004). A recent 
study by Yan et al (2009) also suggested that ATPase 6/8 genes are 
valuable genetic markers to track genealogies and variations in 
progenies of the hybrids. ATPase 8 and 6 regions of mtDNA genome 
were successfully amplified in C. marulius using the primer pair 
described by Sivasunder et al, 2001. The primer pair has been 
reported to be useful for detecting intraspecific variation in several 
species across orders like Atheriniformes (McGlashan et al, 2000), 
Characiformes (Sivasundar et al, 2001), Clupeiformes (Hughes et al, 
2006), Synbranchiformes (Perdices et al, 2005), Petromyzontiformes 
(Espanhol et al, 2007), Tetrodontiformes (Reza et al, 2008), 
Orectolobiformes (Currigan et al, 2009), Salmoniformes (Hughes et 
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al, 2006; Apostolidis et ah, 2008), Siluriformes (Betancur-R et al, 
2007), Cypriniformes (Demant et al, 2007; Nguyen et al, 2008, Buj 
et al, 2008; Yan et al, 2009) and Perciformes (Chow et al, 2004; 
Dammannagoda et al, 2008; Vergara-Chen et al, 2009). An 
overlapping region of 10 bp was also seen from 159-168 bp which 
was found to be in accordance with other Percid fishes (Hurwood and 
Hughes, 1998). The order of most represented bases is C>A>T>G and 
the level of G observed in ATPase gene was in accordance with the 
consistent level in case of ATPase 8 and ATPase6 gene in C. marulius 
and also other Snakeheads (Abol-Munafi et al, 2007). Nucleotide 
Sequences of ATPase region in C. marulius were A+T rich (52.7%), 
which are similar to many other fish species (Johns and Avise, 1998). 
Out of total 35 haplotypes found upon analysis of ATPase 8 
and ATPase6, the most common haplotype hOl was not only found 
across all major rivers of Ganga and Yamuna river system but was 
also detected in Mahanadi, Godavari and Teesta and Brahmaputra 
rivers. Haplotype hOl was detected in main case of Ganga river, its 
tributaries like Gomti, Ghaghra, Sharda and Tons. In Yamuna, 
presence of hOl was dominant in main river and its tributary Sindh. 
The next most common haplotype h02 was detected only in 2 
drainages as in case of hOl i.e. Ganga and Sindh. The presence of 
common haplotype in Ganga and tributary of Yamuna indicated 
towards mixing of populations which might have occurred in recent 
past across the above mentioned drainages after separation from a 
common ancestral population as exhibited in agreement to that found 
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in Cytochrome b. Apart from 4 shared haplotypes, Ganga river 
system also contained population specific haplotypes i.e. h l 2 for 
main river, h21 and h22 for Sharda, h05 and h35 for Gomti, h08, 
h l l , h23-h27 for Son, h04 and h09 for Tons. Samples from Ganga 
river system exhibited 24 haplotypes out of which relative frequency 
of most widespread hOl was detected maximum in Ganga (0.625) 
followed by haplotype h02 in Sindh (0.50). Another remarkable 
feature was that out of 4 shared haplotypes overall maximum relative 
frequency was of hOl detected in river Yamuna and Godavari (1.00). 
Minimum frequency among shared haplotypes was shown by 
haplotype hOl in Teesta river. This illustrated that most of the 
haplotypes of Ganga river basin are contributed by rivers Yamuna 
and Ganga. 
The samples from main Stream of Yamuna River were 
represented by a single haplotype hOl, the most abundant 
distributed haplotype in C. marulius. Its tributaries exhibited 
exclusive 8 haplotypes in river Sindh i.e. haplotypes h i 3 , h28-h34 
and river Chambal with 2 haplotypes h06 and hlO. It is interesting to 
note that no haplotype of Chambal was shared by any other river 
from Ganga or Yamuna river or any of its tributaries. 
Another interesting point to note was that again haplotypes 
h03 was only found in population 1 from Teesta river (referred as 
Teesta 1) from Brahmaputra river system. Haplotype h03 in was 
found to be population specific for Teesta 1 in ATPase 8 and ATPase 6 
gene also. Similarly in Yamuna river maximum relative frequency of 
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hOl is in Yamuna (1.0), then in its tributary Sindh (0.154) followed by 
h02 which is dominant in Sindh (0.50). It is interesting to note that 
these 2 dominant haplotypes have no occurrence in another 
tributary, Chambal river which has been found to be a major 
contributor to Yamuna in case of Cytochrome b. Since Yamuna is the 
largest tributary of Ganga, presence of hOl and h02 in both these 
rivers in almost concordant ratios can be implicit of their common 
gene pool. 
Samples from Brahmaputra river system in total gave 10 
haplotypes. The highest frequency was of h03 in Teesta 1 population 
(0.722). Haplotype h07 was unique to Teesta 2 population with a high 
frequency of 1.0. Frequency of shared haplotype hOl was 0.50 in 
main Brahmaputra river with h l 9 and h20 having a frequency of 
0.25 each. This indicated that about 50% of the haplotypes of 
Brahmaputra river were shared. None of the haplotypes observed 
from the river Teesta (h07, hl6-hl8) was shared in any other 
population except the haplotype hOl. In Teesta 1, 30% of the 
haplotypes were native and rest all could have evolved from these 
native haplotypes. In river Brahmaputra h l 9 and h20 were detected 
as population specific while rest were shared in hOl. Haplotype h07 
maintained its significance as a unique haplotype for the river Teesta 
2 samples. This indicated that though no mixing has occurred 
between Teesta and Brahmaputra, but probability of them evolving 
from a common ancestor cannot be ruled out. The inference is in 
conformity with that obtained from analysis of Cytochrome b region. 
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In the present scenario, Ganga and Brahmaputra are separate rivers 
but there is clear evidence of the existence of Indo-Brahma river that 
used to flow from present Assam to northwest to fall in present 
Arabian sea after Gondwana land dashed against Eurasia plate 
(Daniels, 2001). Tectonic movements caused changes in river courses 
and Ganges developed in front of Himalayas and Indus, Brahmaputra 
and Ganges become separate rivers out of Indo-Brahma river. It is 
quite likely that after originating from common ancestral populations, 
fragmentations due to change in river courses and the subsequent 
restricted gene flow lead to a high level of genetic 
differentiation.Population of river Mahanadi was characterized by 2 
unique haplotypes h l 4 and h l 5 and 1 shared haplotype hOl.As in 
case of Cytochrome b, single sample from Godavari and Ghaghra 
were not being included for further analysis in order to reduce the 
chances of ambiguity that could arise due to small sample size. 
For ATPase region, Haplotype diversity (H) across all the river 
basins was found to be medium to high (0.28 -0.89), however 
nucleotide diversity (Pi) was found to be relatively low (0.00034-
0.004). This reflected recent expansion or short evolutionary history 
of the populations (Avise, 2000; Cook, 1997; Frankham, 1996) in C. 
marulius and was in accordance with the results of Cytochrome b 
analysis. 
AMOVA analysis on ATPase 8 and 6 data also supported the 
results obtained from Cytochrome b analysis. It revealed lower within 
population variation in C. marulius (41.49%) and relatively higher 
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among population variation (63.78%). In this study the values 
obtained exhibited higher among population variation and lower 
within population variation higher to the trend reported by 
Vrijenhoek (1998) for a non migratory fish. As mentioned earlier 
murrels only migrate under specific conditions and are otherwise 
highly localized as a population. Fst value of 0.584 implies towards 
hetrozygosity among populations. 
Lowest population pair wise Fst (0.17) was between Sharda and 
Ganga rivers which are located in close proximity to each other. 
Highest Pair wise Fst (1.00) was observed between Teesta2 and 
Yamuna pair. Fst probability values were significant for majority of 
the population pair except for Ganga-Gomti2 and Ganga-Sharda 
where Fst P values were not found to be significant (p>0.05). These 
populations could be regarded as genetically similar stocks. Genetic 
diversity within populations was estimated using population specific 
Fst. Genetic diversity between populations was evaluated by 
population pair wise Fst values. Based on ATPase region analysis, 11 
genetically different stocks could be categorized in C. marulius wild 
populations ATPase 8 and ATPase6 data hence revealed significant 
genetic differentiation. The stocks thus identified on the basis of 
ATPase are, Ganga/Sharda/Gomti2, Gomtil, Tons, Son, Yamuna, 
Sindh, Chambal, Brahmaputra, Teesta 1&2 and Mahanadi. Based on 
population pair wise Fst Neighbourhood Joining (NJ) tree was 
constructed. Tons and Son rivers which are tributaries of Ganga river 
clustered together. Gomti 1 and Gomti2 also came together. However 
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it was surprising to note that river Chambal, an important 
contributor to Yamuna was found to be quite distantly placed. 
Teestal and Teesta 2 were also not closely featured but Teesta 2 was 
found to be distant most as in case of Cytochrome b and emerged as 
an out group. This clearly indicated that population Teesta 2 is still a 
reproductively isolated group having no ancestral linking or genetic 
similarity with rest of the C. marulius stocks. 
Presence of variability within species (among populations) and 
also between populations (within a populations) is essential to their 
ability to survive and successfully respond to environmental changes 
(Ryman, Utter and Lairke 1995). Upon analysing ATPase 8 and 
ATPase 6 region it can be postulated that the parent haplotype could 
probably have originated from Ganga river system with its progeny 
migrating towards different smaller interconnected basins. As seen 
above that low significance among populations accounts for 
maximum sharing between them. Populations showing low 
significance values here are largely tributaries of Ganga basin. Hence 
Ganga river system can be considered as origin of parental 
population of present C. marulius populations from the rivers studied. 
In present study upon analyzing results from Cytochrome b, high 
genetic variability was observed. When compared with ATPase, 
significance level was though found to be lower yet in case of isolated 
populations from unlinked basins like Teesta 2, significant 
differentiation was found. It is therefore evident that different wild 
populations of C.marulius had their common ancestors from Gangetic 
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River System. The progeny of those ancestors c&V5fS have migrated 
eastwards (towards Brahmaputra and Teesta) and central peninsular 
region (Mahanadi and Godavari). Since rate of evolution of 
Cytochrome b differs from that of ATPase 8/6, latter was able to 
resolute populations on the basis of within population variation. C. 
marulius is an air breathing fish, its sustainability is better than 
other fishes in different environment. Hence population of C.marulius 
which migrated from native Gangetic rivers, easily established their 
niche and were able to isolate their gene pool. The geographical 
structure of a species is not only due to present gene flow but more 
importantly to historical gene flow between geographically separate 
populations (Slatkin 1993). 
Population specific haplotype h03 from Teesta was detected 
both in Cytochrome b as well as ATPase 8/6 analysis, clearly 
indicates that geographical distance of Teesta river from Ganga river 
system significantly separates one population from another. Genetic 
differentiation is primarily dependent on geographical isolation 
(Haniffa et al 2006). Also upon analysing populations from Ganga and 
Yamuna river systems, it was observed that populations from 
different tributaries were not quite distinct from each other as well as 
main river especially in ATPase8/6 analysis. This holds up the short 
distance migration possibility of C. marulius as there is no significant 
geographical barrier separating Ganga and Yamuna rivers. 
Therefore it can be considered that mtDNA ATPase 8 and 
ATPase6 fragment of 842 bp is found to be a potential marker for 
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studying genetic variation both within as well as among populations. 
Our results upon analyzing ATPase 8 and ATPase6 also demonstrated 
the differences occurring within the same populations at haplotype 
level. In populations like Gomtil, Sone, Sindh and Teesta number of 
haplotypes has increased as compared to Cytochrome b. Populations 
like Yamuna, Brahmaputra and Mahanadi which were characterized 
by a single unique haplotype in Cytochrome b, exhibited shared 
haplotypes when analysed for ATPase region. The genetic structure of 
a species is the outcome of several interactive evolutionary forces that 
act on the natural population (Ryman, 2002). Most important are 
migration, random genetic drift and mutation.ATPase analysis also 
throws light on the evolutionary linkage of these stocks caused due to 
common ancestry, random genetic drift or migration. 
According to some authors, population isolation can occur 
during strong alterations in environmental conditions, such as 
climatic changes and geographical phenomenon (Stapien et al, 2001; 
Brunner et al, 2001). In case of Ganga river system a considerable 
amount of significant difference was observed both in case of ATPase 
as well as Cytochrome b. In Teesta river presence of a secluded 
haplotype (h07) in both Cytochrome b and ATPase analysis validates 
that ATPase is also capable of resolving the populations which 
remained isolated due to any of the above stated reasons, on the 
basis of genetic differences. 
AMOVA of both Cytochrome b as well as ATPase 8/6 have 
demonstrated that genetic diversity within population is significantly 
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lower in C. marulius, a few common haplotypes detected across 
several populations can be regarded as native especially in case of 
ATPase 8/6, whereas populations having haplotypes specific for 
stocked area can be considered as a mixture of native as well as 
recently evolved progeny of ancestral C. marulius. 
Overall it can be postulated that both Cytochrome b and 
ATPase 8/6 are potential markers for studying intra specific as well 
as inter specific variation. ATPase 8/6 is helpful in resolving the 
populations and detecting native haplotypes. Whereas Cytochrome b 
is helpful in identifying recently established genetic stocks. The rate 
of evolution of Cytochrome b is hence faster than that of ATPase as it 
throws light on recent expansion of populations. In case of NJ for 
ATPase clustering showed certain ambiguities which can be 
attributed to the large no of shared haplotypes within populations 
from unlinked basins. Hence a better picture was provided by NJ of 
Cytochrome b. 
Low abundance of C. marulius in catches from certain rivers 
like Ghaghra, Godavari, Mahanadi and main Brahmaputra river was 
observed during sample collection. It is possible that more mtDNA 
variation in C. marulius existing in these rivers, however, could have 
been under estimated due to limited sample size available in a few 
cases It was suggested that samples originating from a single parent 
can result in a single population specific haplotype as mtDNA is 
maternally inherited (Avise, 1994). Keeping in view that murrels 
exhibit parental care where their young ones move along with the 
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maternal parent in shoals and so remain localized for long time. 
Hence, smaller sized specimens have more possibility to be the 
progeny of single or limited number of parents. Therefore, care was 
taken to obtain samples from large sized specimen (more than 1.5 Kg) 
in the present study. 
The success of conservation programs and effective 
management policies depend on the levels of genetic divergence 
within and between species and developing strategies to maintain the 
natural genetic diversity (Lakra et al, 2009). Due to great reduction in 
wild, C. marulius is categorised as lower risk- near threatened (LRnt), 
(Ponniah and Sarkar, 2000). Therefore, development of stock 
structure data is a critical input for conservation and management of 
this important fishery resource. Information on stock structure is 
required for conservation management of native populations of C. 
marulius (Ponniah, 2000). The information of stock structure 
generated in this study could be useful for planning management and 
conservation of natural resources (Gopalakrishnan et al, 2009). 
3.Microsatellite markers ; 
Microsatellites or simple sequence repeats (SSR) are tandemly 
repeated motifs of 1-6 bases found in all prokaryotic and eukaryotic 
genomes analysed till date. They are present in both coding and non 
coding regions and are usually characterized by high degree of length 
polymorphism. High polymorphism and relative ease of scoring 
represents the 2 major features that make microsatellite of large 
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interest for many genetic studies. Traditionally microsatellite loci 
have been isolated from partial genomic libraries (selected for small 
insert size) of the species of interest, screening clones through colony 
hybridization with repeat containing probes (Rasmann et al, 1991). 
In fisheries and aquaculture, microsatellites are useful for 
characterization of genetic stocks, brood stock selection constructing 
dense linkage maps, mapping economically important quantitative 
traits and identifying genes responsible for these traits and 
application in marker assisted selection (Chistiakov et al, 2006). 
The main focus of this study was to identify species specific 
microsatellite loci not known till now in C. marulius. This was carried 
out through constructing a microsatellite enriched genomic library of 
C. marulius to isolate microsatellites and design primers. The 
identified loci were also tested for amplification in C. marulius and for 
cross amplification utility in related species like Channa punctatus, 
Channa striatus, Channa gachua and Channa orientalis. 
The screening of genomic library yielded 6 repeat sequences 
out of which 5 were suitable for primer designing. The primers 
designed were CML 90, CML 93, CML 102, CML 193 and CML 212. 
CML 90 and CML 93 successfully amplified in all 5 Channid species 
including Channa marulius. CML 212 amplified successfully in C. 
striatus, C. gachua and C. orientalis. CML 130 and 102 amplified only 
in C. marulius and not in any other related species. CML 90 and 
CML 212 are CA repeats which are the most common type of repeats 
found in vertebrates. CML 93 and CML 102 contained AT repeats 
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which are next most common repeats (Toth et ah, 2000), whereas 
CML 130 was found to be a GA repeat. 
In confirmation with the opinion of Chistiakov (2006) that 
majority of microsatellites (30%-67%) found are dinucleotide, all 5 
repeats obtained in this study were also dinucleotide. Microsatellites 
are frequently considered to be highly species specific. However some 
evidences suggest that many microsatellite markers work within the 
same genus and sometimes at sub family and family level (Gimmell, 
1997). Keeping these evidences in mind, these primers were also 
tested for amplification in above mentioned related species. The loci 
obtained were all monomorphic except for locus CML-93 which was 
found to be polymorphic. Even in such a small sample size the 
primers were able to detect polymorphism, hence it can be taken into 
consideration that primers designed from repeats obtained from a 
genomic library are capable of resolving the populations in fishes. The 
present study developed 4 microsatellite DNA markers and there 
primers which could be useful for determining genetic variation. 
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Fig 23: Neighbourhood Joining Tree (NJ) of Population Pairwise Fst 
values of Cytochrome b region in C. maruliua. 
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Pig 24: Neighbourhood Joining Tree (NJ) of Population Pairwise Pst 
values of ATPase 8 and ATPase 6 region in C. maruliua. 
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Channa marulius which is an important food fish of Indian 
subcontinent was for the first time studied for population genetic 
structure across its natural range of distribution in India. The results 
obtained are therefore based on preliminary investigations which aim 
at providing basic information on population structure of this fish. 
From the present study following conclusions can be drawn: 
• In mitochondrial DNA analysis, partial Cytochrome b region 
was amplified by universal primers and 307 bp region was 
studied for polymorphism across 15 natural populations in 131 
samples. Cytochrome b proved to be a highly useful marker in 
resolving population structure and determining recent 
expansion. 
• Final structure given by Cytochrome b reveals that C. marulius 
found in different river basins are reproductively isolated and 
hence today function as a separate gene pool. The geographical 
distance between certain unlinked populations like Teesta-
Mahanadi-Yamuna has validated the presence of population 
specific haplotypes in these rivers. 
• Within Ganga river system, different sub stocks were identified 
i.e. 2 in river Gomti, 1 in river Sharda, 1 each in Yamuna, 
Chambal and Son. Populations from river Mahanadi, Teesta, 
Brahmaputra also emerged as separate individual stocks. 
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• Neighbourhood Joining (NJ) tree based on Pairwise Fst of 
populations, showed that populations from closely located 
rivers clustered together (Tons-Sindh; Son-Yamuna; Teesta-
Brahmaputra) 
• Population Pairwise Fst in Cytochrome b indicates that river 
basins having lesser geographical distance show lower Fst 
value and vice versa. According to Cytochrome b analysis, 12 
distinct genetic stocks are present in wild C. marulius 
populations. 
• AMOVA of Cytochrome b showed higher variation among 
populations and lower variation within populations which 
clearly indicates existence of distinct C. marulius stocks across 
different rivers. 
• Complete ATPaseS and ATPase6 region was also amplified and 
total of 842 bp region was analysed for polymorphism. Since 
164 bp of ATPase 8 region showed no variation separately in 15 
populations. Complete ATPase region was analysed together. It 
was observed in analysis that certain shared haplotypes are 
present in 14 populations irrespective of the geographical 
location of rivers. The most abundant haplotype HOI was found 
even in distantly located Teesta, Brahmaputra and Mahanadi 
rivers. Considering that the fish is capable only of short 
distance migration, it can be concluded that these shared 
haplotypes are actually natives, which represents presence of a 
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common ancestor of C. mamlius from which all present day 
populations have evolved. 
• AMOVA of ATPase region revealed that within population 
variation is significantly lower than among population 
variation. Thereby following the trend as in Cytochrome b. 
• NJ tree obtained (based on Pairwise Fst of populations) was 
unable to provide a fmer resolution of populations as in case of 
Cytochrome b. As ATPase was only able to detect native 
haplotypes but was unable to generate haplotypes recently 
from evolved and established genetic stocks. The rate of 
evolution of ATPase region is hence slower than that of 
Cytochrome b. 
• Also, the Fst value obtained upon AMOVA both in Cytochrome 
b as well as ATPase reflected the presence of overall genetic 
differentiation in wild C. mamlius populations. 
• Population Pairwise Fst showed similar trend as in case of 
Cytochrome b with rivers separated by lesser geographical 
distance showing lower Fst value. ATPase analysis reflected the 
presence of 11 different genetic stocks in wild C. mamlius 
populations. 
• Both Cytochrome b and ATPase region revealed a population 
specific haplotype (H03) in Teesta 2 population. This stock can 
be considered as the most distinct and isolated stock as 
suggested by both mt DNA regions. It suggests that population 
of Teesta has been the distant most population stock. 
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• Also both Cytochrome b and ATPase 8/6 have shown high 
Haplotype diversity and low nucleotide diversity. A recent 
expansion or short evolutionary history of C. marulius 
populations in Indian region can hence be concluded from this 
result. 
• Cj^ochrome b analysis generated 12 stocks which are more 
than the number generated by ATPase analysis. Since 
Cytochrome b proved better in resolving populations hence it 
can be considered that populations which are shown as similar 
genetic stock by ATPase region and appear as different stocks 
in Cytochrome b analysis (Ganga, Sharda and Gomti 2) might 
have belonged to one common ancestoral population and would 
have later evolved independently. 
• On the other hand populations from river Sindh and Tons 
which emerged as similar genetic stocks upon Cytochrome b 
analysis might have not been a part of same population in the 
past but and the mixing between the 2 would have taken place 
in recent past only. 
• A microsatellite enriched genomic library was constructed and 
6 microsatellite repeats were identified. Out of 6 microsatellites, 
5 were found suitable for designing primer. 4 primers 
successfully amplified in C. marulius and also in some related 
species like Channa gachua, Channa orientalis, Channa striata 
and Channa punctatus. One locus was also found to be 
polymorphic when tested in C. marulius samples from 2 distant 
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rivers. Rest all were found to be monomorphic.These primers 
can further be tested on individual populations, with increased 
number of samples for genetic differentiation and 
polymorphism. 
• Overall it can be concluded that present day Channa marulius 
populations in Indian region have evolved from a common 
ancestral population in ancient past as revealed by ATPase 
analysis. These populations migrated to different river basins 
and then established themselves as separate populations. 
• These separate populations showed reproductive isolation and 
over the course of time came to be recognized as separate 
genetic stocks as revealed by Cytochrome b analysis. Further 
polymorphism at nuclear DNA level can be studied by 
microsatellite analysis by constructing an enriched genomic 
library. The primers obtained through a genomic library can be 
capable of resolving population structure. 
• Channa marulius has already been assessed to be at Lower 
risk-near threatened status. The declining number of fish in 
wild can be easily observed while considering the availability of 
samples in the present study. Hence formulating conservation 
strategies and stock management are need of hour in order to 
preserve this potential food fish. 
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Snakehead fishes or Murrels are members of family Channidae 
represented by the two genera of Channidae are Channa and 
Parachanna. Channa is native to South and Southeast Asia, and 
Parachanna is endemic to Africa. Most of the Channid species are 
important food fishes in southern Asia and China and the flesh is 
considered to be a delicacy. Murrels are also considered potential 
candidate species for diversification of aquaculture. Among murrels, 
large sized Channa mamlius is the most important due to consumer 
preference and high market price. It is considered as an important 
food fish and a significant component of freshwater fishery. It is 
somewhat cosmopolitan in distribution with native range extending 
from tropical to temperate climates. C. marulius has a wide 
distribution occurring in almost all states of India and Sri Lanka, 
Bangladesh, Pakistan, Burma, Thailand. In India, it is found in 
freshwater of West Bengal, Uttar Pradesh, Madhya Pradesh, Bihar, 
Punjab, Orissa, Maharashtra, Gujarat, Andhra Pradesh, Tamil Nadu, 
Karnataka and Kerala). C. marulius is principally a freshwater 
riverine fish, but frequently available in reservoirs, lakes, swamps 
and large marshy water areas. Its occurrence has also been reported 
in mountainous stretches up to an altitude of 475 m MSL. 
Channa marulius is reported to be the largest growing fish in 
family Channidae, reaching a length of 120-122 cm. Dark spots are 
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seen on the lateral sides of the body, and 4-6 round black blotches 
with white spots, little below the lateral line are also present. A large 
white prominent ocellus with white or oramge boundary at upper part 
of the base of caudal fin characterizes the species. The culture of this 
giant murrel has not been traditionally popular for its highly 
voracious feeding habits in tertiary level. Pronounced cannibalism 
and heavy mortality right from earlier stages of life are primary 
factors for unsuccessful culture. Being a local migrant, it travels for a 
short distance for the purpose of feeding or for locating suitable 
breeding grounds or in search of new water bodies to avoid stress 
conditions of existing ecosystem. The fish is considered as a potential 
aquaculture species in addition to an important capture fishery 
resource. Due to declining abundance of C. marulius in wild, the fish 
has been assessed at lower risk- near threatened (LRnt) status. 
Understanding of population genetic structure of a species provides 
critical information for developing conservation and management 
strategies for natural fish populations as well as fishes having 
threatened status. The identification of molecular markers and 
documentation of genetic diversity of Channa marulius is therefore 
important considering that such information is valuable in breeding 
programmes, genetic stock identification and fishery management, 
besides to provide insight into evolutionary genetics of species. 
To fill the knowledge gap on population genetic structure of wild C. 
marulius, the present study has been undertaken with the objectives 
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given below: 
i) Identification of Polymorphic Mitochondrial DNA (mtDNA) 
markers in Channa marulius. 
ii) Analysis of genetic diversity in natural population of Channa 
marulius using mtDNA markers, 
iii) Identification of Microsatellite DNA markers in Channa 
marulius. 
The treatise consists of 7 chapters, 24 figures and 8 tables in 
support of the text. The study is summarised as follows: 
• Samples of mature C.marulius were collected from major river 
systems of northern India during the period of study. Blood 
was extracted through caudal puncture and fixed in 95% 
ethanol. 
• Total Genomic DNA was isolated and amplified using Universal 
Primers for mtDNA Cytochrome b and ATPase 8 and ATPase 6 
regions respectively. The purified PCR Product was sequenced 
on an automated DNA sequencer. DNA sequences were aligned 
and then analysed for genetic variation using relevant 
softwares. 
• Analysis of partial Cytochrome b region revealed the suitability 
of this region in determining the genetic diversity in C.marulius 
population. Results obtained also demonstrated that partial 
mtDNA Cytochrome b fragment (307 bp) is a potential marker 
for studying variation both within as well as among populations 
in C marulius. 
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• Analysis of Molecular Variance (AMOVA) for Cytochrome b 
region within 15 populations revealed that out of total 
variation, 84.69% of variation was seen among the populations 
and within the population, variation was 15%. Population 
structuring was revealed by Fst value of 0. 84. 
• Samples from river Brahmaputra, Yamuna, Mahanadi and 
Teesta exhibited population specific haplotypes. Most common 
haplotype was found across 5 populations namely Ganga, 
Sone, Sindh, Chambal and Tons. Total 34 variable sites were 
identified and 18 of them were parsimony informative. 
• The present study also evaluated the potential of complete 
ATPase region of mitochondrial DNA as a marker region to 
determine the phylogeography of C marulius from Indian rivers. 
The results revealed that 842 bp of ATPase 6 /8 region could be 
a promising marker for determining variations at 
interpopulation as well as intrapopulation levels in wild 
C.marlius. 
• AMOVA analysis for ATPase region within 15 populations 
revealed that out of total variation, 63.78% was seen among 
populations and 14.49% variation was present within 
populations. Fst value of 0.584 revealed population 
structuring. 
• Samples from river Ganga, Gomti 1, Tons, Sone, Sharda, 
Sindh, Chambal, Brahmaputra, Teesta 1852 and Mahanadi 
showed the presence of unique haplotypes. Most common 
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haplotype was found across 12 populations except Son, 
Chamabal and Teesta 2. Total 47 variable sites were identified 
out of which 23 were parsimony informative. 
• In our study, ATPase 8 and 6 genes not only expressed 
intraspecific diversity but were also able to resolute haplotypes 
in each population as well as variation in the progeny. Also it 
detected the native haplotypes present in each population. 
However on a finer level it was less effective in resolving 
populations having recent evolutionary history. Our findings 
demonstrated the utility of this otherwise less studied region of 
mtDNA for population genetics, conservation and management 
of wild C.marulius fishery. 
• Overall, results from Cytochrome b as well as ATPase region 
analysis, when put together, revealed the presence of 10 
distinct genetic stocks of Channa marulius present in Indian 
rivers. These stocks were the populations from following rivers: 
Ganga, Gomti, Teestal, Teesta2, Brahmaputra, Yamuna, Sone, 
Tons, Chambal and Mahanadi. 
• In order to obtain basal information on microsatellite repeats in 
C. marulius, an enriched genomic library was constructed. Out 
of 200 plasmids screened, 44 clones confirmed the presence of 
an insert. Sequencing of 44 clones yeilded 6 microsatellite 
repeats. 
• 5 out of 6 repeats were found to have optimum flanking 
sequences for primer designing and the primers were tested in 
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Channa marulius and related species like Channa punctatus, 
Channa striatus, Channa gachua and Channa orientalis. The 
primers amplified successfully in C.marulius and also cross 
amplified homologous loci in other Channa species.One locus 
CML-93 was also found to be polymorphic, when tested across 
2 different populations. 
• The results indicated that these specific microsatellite loci 
identified in C.marulius have potential in use for genetic 
diversity studies of wild populations. 
• In conclusion, present work is the first comprehensive study on 
identification of molecular markers and genetic diversity of 
commercially important murrel C.marulius in wild. The 
mitochondrial DNA analysis using Cytochrome b and ATPase 8 
and 6 genes determined the presence of at least 10 genetic 
stocks. The high level of differentiation observed appear to be a 
likely phenomenon in view of biology of this fish. 
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Abstract Channa marulius (Hamilton, 1822) is a 
commercially important freshwater fish and a potential 
candidate species for aquaculture. The present study eval-
uated partial Cytochrome b gene sequence of mtDNA for 
determining the genetic variation in wild populations of 
C. marulius. Genomic DNA extracted from C. marulius 
samples (n = 23) belonging to 3 distant rivers; Mahanadi, 
Teesta and Yamuna was analyzed. Sequencing of 307 bp 
Cytochrome b mtDNA fragment revealed the presence of 5 
haplotypes with haplotype diversity value of 0.763 and 
nucleotide diversity value of 0.0128. Single population 
specific haplotype was observed in Mahanadi and Yamuna 
samples and 3 haplotypes in Teesta samples. The analysis 
of data demonstrated the suitability of partial Cytochrome 
b sequence in determining the genetic diversity in C. 
marulius population. 
Keywords Channa marulius • Cytochrome b • 
mtDNA • Polymorphism • Genetic divergence 
Introduction 
Channa marulius is a commercially important fish of South 
East Asia valued as an esteemed table fish and also used for 
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ornamental trade. C. marulius is a freshwater fish inhabit 
ing reservoirs, lakes, swamps and large marshy water areas 
and has been reported even at an altitude of 475 m MSI. 
[1]. The distribution of this fish is native to India. Ban-
gladesh, China, Thailand and Cambodia, Sri Lanka and 
Pakistan. In India, it is reported from the rivers of Indo-
Gangetic plains and also in many parts of Peninsular India. 
C. marulius is the fastest growing among murrels and 
largest of the family Channidae. reaching a length of 120-
122 cm [2. 3]. The fish is considered as a potential aqua 
culture species in addition to an important capture fisher) 
resource. The culture of this giant murrel has not been 
traditionally popular for its highly voracious feeding habits 
at tertiary level. C. marulius is considered to be a local 
migrant, and travels for a short distance for feeding purpose 
or for locating suitable breeding grounds in new water 
bodies to avoid stress conditions of existing habitat. Due to 
declining abundance of C. marulius in wild, the fish has 
been assessed at lower risk- near threatened (LRnt) status 
(4]. 
In addition to protein and nuclear DNA markers, dif 
ferent mtDNA gene sequences have been used to determine 
variation at interspecific and intraspecific levels in fishes. 
The fast rate of mtDNA evolution coupled with maternal 
inheritance have made mtDNA an extremely useful genetic 
system for studying gene flow, hybrid zones, population 
structure and other population related questions. Even 
conservative protein coding genes like Cytochrome b tend 
to show intraspecific variation mainly in 3rd position of 
codon which can be used to identify stocks. Variation in 
mtDNA Cytochrome b gene has been used for population 
studies in fishes across taxonomic orders such as, Clupei-
formes [5]; Acipenceriformes [6, 7]; Squaliformes [8]; 
Salmoniformes [9, 10]; Anguilliformes [II]; Cyprinifor-
mes [12] Siluriformes [13] and Perciformes [14, 15]. 
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Overall, the research on Murrels (Family: Channidae), 
using molecular markers for phylogeny as well as popu-
lation genetics has been limited. Cytochrome b region was 
successfully amplified in Murrels for the purpose of 
inferring Phylogenetic relationships [16], Molecular phy-
logeny of family Channidae has been determined using 
NADH dehydrogenase subunii 1 and 2 of mitochondrial 
DNA [17]. Intra specific genetic variability in Channa 
punctatus, from a part of its native distribution in penin-
sular India was examined using allozyme and RAPD 
markers [18, 19]. Information on stock structure is required 
for conservation management of native populations of 
C. marulius [20]. The information of stock structure is vital 
for planning management and conservation of natural 
resources, besides it is useful in genetic improvement 
programs [21]. Identification of molecular markers that are 
suitable for determination of genetic variation and diver-
gence is the primary requisite for such studies. The fore-
most necessity is to identify polymorphic molecular 
markers for determining genetic variation and divergence. 
The present study analyses partial sequences of mtDNA 
Cyto b gene in the samples of C. marulius collected from 3 
distant rivers namely, Mahanadi, Teesta and Yamuna, to 
determine genetic variation and evaluate their potential in 
determining genetic differentiation in natural populations 
of C. marulius. 
Materials and methods 
Sample collection 
94°C, 5 min: 30 cycles of 94°C for 30 s; 55°C for 1 min; 
72°C for I min 30 s and final extension for 10 min at 72°C. 
DNA sequencing 
Double stranded PCR product was purified using elution 
method from low melting Agarose gel. The purified PCR 
Product was used in setting up sequencmg reaction with 
same set of primers using Mega Bace ET Terminator Dye 
kit. The sequencing reaction was performed for 30 cycles 
of: 95°C for 10 s; 50°C for 20 s; 60°C for 2 min. PCR 
products were precipitated using ethanol and ammonium 
acetate and were dissolved in Mega Bace Loading Buffer. 
The DNA sequencing was carried out on an automated 
DNA sequencer, MegaBace 500 (GE Healthcare) using 
manufacturer's recommendations. 
Analysis of DNA sequences 
DNA sequences were aligned using ClustalW [24] and 
were analysed for determining parameters of population 
genetic variation. MEGA 4.1 [25] was used to estimate 
parameters of Genetic Variation. Sequence Composition 
and Molecular diversity indices. Genetic Differentiation 
and Fst values were calculated using the software Arlequin 
3.11 [26] and haplotype diversity was estimated using 
DnaSP4.5 [27]. For comparison sequence of Cytochrome b 
gene of C. marulius available in Genbank (Accession no: 
AY763771) was treated as a separate population from 
unspecified location in analysis with the sequences from 
present study. 
Specimens of C. marulius were collected through com-
mercial catches from rivers Teesta (n = 11) at Teesta 
Barrage (26°45' 16.83"N; 88°36' 02.83"E), Mahanadi 
in = 7) at Cuttack (21°58'N; 86°07'E) and Yamuna (n = 
5) at Yamuna Nagar (29°58' 47.01"N; 76°54' 47.40"E), 
belonging to different basins (Fig. 1). River Teesta is 
tributary of Brahmaputra River which later joins Ganga 
River System (as Jamuna in Bangladesh). River Yamuna is 
a tributary of Ganga River System. River Mahanadi is an 
independent river originating from central plateau in India 
and draining into Bay of Bengal. The blood was extracted 
from individual specimen at collection site through caudal 
puncture and fixed in 95% ethanol in ratio 1:5. 
DNA preparation 
Total Genomic DNA was extracted from blood samples 
using Phenol-Chloroform Method [22]. DNA was ampli-
fied using Universal Primers for MtDNA Cytochrome b 
region; L14841 and H15149 [23]. PCR conditions were: 
Results 
Sequence composition 
Out of total of 349 bp of Cytochrome b mitochondrial gene 
amplified, 307 bp fragment was analyzed to determine 
genetic variation. The average frequencies of four nucleo-
tides for all the 23 samples of C. marulius are A: 25.49%, T: 
28.16%; G: 15.79%; C: 30.55%. Nucleotide .sequences of 
Cytochrome b in C. marulius were A -I- T rich (53.65%) and 
transition to transversion ratio was 3.1. Cytochrome b 
sequence data generated 5 haplotypes (Table 1); haplotype 
HOI and H05 were observed in Mahanadi and Yamuna 
respectively, whereas H02, H03 and H04 were seen in 
Teesta only, (Table 2; GenBank Accession no: GQ415663-
GQ4I5667, GQ464027-28 for Mahanadi; GQ415673-GQ 
415677. GQ464053-GQ46406I for Teesta; GQ415668-
GQ4I5672 for Yamuna.) Total 23 variable sites were iden-
tified (Table 1) and 5 of them were parsimony informative. 
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Fig. 1 a General map of the 
region, study area is located 
within the box. b Locations 
of sampling station (*) across 
different river basins for 
population structure study 
of C. marulius 
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Table 1 Different haplotypes and their consensus sequences detected in 3 populations of C. inarutius (the dots refer to the identical positions to 
reference consensus sequence) 
] 69 75 87 99 108 HI 129 165 171 186 189 216 222 225 237 246 252 273 294 
C C A C T T T A T T C T C T G C T C C 
HOI G C T . . C GQ4I5663 
H02 GQ415673 
H03 . . A G T T T T C C C C C C . C T . A T C A T GQ464061 
H04 . T GQ415675 
H05 C . . . . GQ4I5668 
Position-* 
Consensus 
sequence-* 
9 19 21 60 GenBank 
T C C A C C A C T T T A T   T C T G C T C C ace no 
i 
Nucleotide and haplotype diversity 0.0128. Haplotype diversity (Hd) was foutid to be 0.763 
and variance of Hd was 0.002 i 0.046. Haplotype and 
Mean no of polymorphic loci was estimated to be: nucleotide diversity for Mahanadi and Yamuna sam-
0.333 ± 0.577 and mean nucleotide diversity (pi) was pies was 0.00 as both these rivers gave single haplotype 
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Table 2 No of haplotype detected in 3 populations of C marulius 
Haplotype Mahanadi Teesta Yamuna 
Table 4 Population pair wise Fw values (below diagonal) and P 
values for pairwise Fst (above diagonal) between 4 differeni popu-
lations of C. maruHus from Indian sub continent 
HOI 
H02 
H03 
H04 
H05 
whereas for Teesta samples haplotype diversity (Hd) was 
0.473 with variance 0.02614 ± 0.162 and Nucleotide 
diversity (pi) was 0.01236. 
Molecular diversity indices and genetic differentiation 
Analysis of Molecular Variance (AMOVA) within 3 pop-
ulations (Teesta, Yamuna and Mahanadi) revealed that out 
of total variation, only 10.11% was contributed due to 
variation within population, however 89.8% was attrib-
uted to differentiation arnong populations and population 
structuring revealed by high and significant Fst value of 
0.89 (Table 3). Population pair wi.se Fst values (Table 4) 
ranged from 0.80 to 1.00 and Co-efficient of differentiation 
for all 3 populations was 0.680. Mean P distance over all 
the 3 populations were 0.013 and mean distance (d) within 
groups ranged from 0.000 to 0.012. 
Sequences obtained in this study for C. marulius from 3 
populations were compared with that of Accession no 
AY763771 of C. marulius. AMOVA analysis with all the 
4 populations revealed among population variation of 
90.59% and within population variation of 9.41% and a 
significant Fst value of 0.905. 
Discussion 
Understanding of population genetic structure of a species 
provides critical information for developing conservation 
and management strategies for natural fish populations as 
well as fishes having threatened status. Results obtained 
upon analysis of 307 bp mtDNA Cytochrome b sequences 
in the present study, revealed high genetic differentiation in 
C. marulius collected from three different rivers. The 
Cytochrome b fragment amplified in the present study. 
Mahanadi 
Teesta 
Yamuna 
NCBI 
Mahanadi 
0.0(X) 
0.91336 
1.00000 
1.00000 
Teesta 
0.000* 
0.000 
0.80418 
0.87665 
Yamuna 
0.000* 
0.000* 
0.000 
1.00000 
NCBI 
0.000* 
0.000* 
o.mi* 
0.000 
* P < 0.05 
using universal primer [28], has been reported to be useful 
in detecting intraspecific variation in several species as this 
region of mtDNA Cytochrome b is found to be polymor-
phic across orders. The order of most represented bases; 
C > T>A > G is the order in Cytochrome b of Percid 
fishes [29] and the level of G observed in C. marulius wa.s 
in accordance with the consistent level in other Snake-
heads [30]. Nucleotide Sequences of Cytochrome b in 
C. marulius were A -I- T rich (53.65%), which are similar 
to many other fishes (Johns and Avise 1998). The universal 
primers [28] used in the present study to amplify the region of 
307 bp of Cytochrome b of mitochondrial genome, were 
found to be polymorphic in C. marulius. This region has been 
found to be polymorphic and has been used successfully for 
intraspecific genetic diversity analysis in various fish spe-
cies, like Salmo trutta [31]; Cyprinodon variegates [32); 
Sardina pilchardus [33] and Lates calcarifer [34], 
An interesting finding in the study was that 2 (Mahanadi 
and Yamuna samples) out of 3 populations exhibited 
unique single haplotype each. AMOVA revealed low 
within population variation in C. marulius (10.11%) and 
high among population variation (89.8%). It is reported 
that a migratory fish species has 85 and 15% of its diversity 
within and between local populations, respectively and 
67.6 and 32.4% for a non migratory fish [35]. The genetic 
divergence level between populations, observed in this 
study was even higher than that reported for a non 
migratory fish. Murrels are local migrants travelling only 
for a short distance for the purpose of feeding or for 
locating suitable breeding grounds or in search of new 
water to avoid stress conditions of existing ecosystem [36]. 
Fst value also supported the presence of significant genetic 
difference between populations of Mahanadi, Teesta and 
Table 3 AMOVA analyses of 
Source of variation df 
Among populations 2 (3) 
Within populations 41 (44) 
Total 49 (47) 
cytochrome b .sequences for 3 populations of C. 
Sum of squares Variance components 
31.932 (38.400) 1.18276 Va (1.1930 Va) 
5.455 (5.455) 0.13304 Vb (0.1239 Vb) 
37.386(43.85) 1.31580(1.31699) 
marulius 
% of variation 
89.89 (90.59) 
10.11 (9.41) 
Fixation index 
Fsr. 0.89889 (0.9058) 
P value 
0.00000 ± 0.00000 
AMOVA values obtained by inclusion of one NCBI sequence (accession no AY76377I) are given in briickeis 
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Yamuna rivers. Such high intraspecific diversity could be 
expected as the 3 rivers belong to different river basins and 
therefore, it is likely that populations investigated, could 
have evolved in isolation after fragmentation from com-
mon ancestors. It is hence evident that these 3 population 
samples belong to reproductively isolated populations^ 
Inclusion of sequence from Genbank (Accession no: 
AY763771) also revealed more or less similar results. 
It confirmed that such a high level of genetic differentiation 
is likely to be the characteristic of species C. marulius 
possibly influenced by the restricted dispersion of the 
species. It was suggested that samples originating from a 
single parent can result in a single population specific 
haplotype as mtDNA is maternally inherited [37]. Keeping 
in view that murrels exhibit parental care where their 
young ones move along with the maternal parent in shoals 
and so remain localized for long time. Hence, smaller sized 
specimens have more possibility to be the progeny of 
single or limited number of parents. Therefore, care was 
taken to obtain samples from large sized specimen (more 
than 1.5 kg) in the present study. At the same time, it is 
accepted that more mtDNA variation, existing in Mahanadi 
and Yamuna rivers, in low frequency as observed in Teesta 
samples, however, could have been under estimated due to 
limited sample size available. 
Results obtained demonstrated that partial mtDNA 
Cytochrome b fragment (307 bp) is observed to be a poten-
tial marker for studying variation both within as well as 
among populations in C. marulius. Our results clearly 
demonstrated the differences occurring within the same 
population as in case of Teesta (3 haplotypes) as well as in 
between the populations like Mahanadi and Yamuna. Such 
studies have provided useful information in case of many 
other fish species. The success of conservation programs and 
effective management policies depend on the levels of 
genetic divergence within and between species and devel-
oping strategies to maintain the natural genetic diversity 
[38). In a number of reports, mtDNA has proved useful for 
resolving population groupings in cases where morpholog-
ical analyses were either inadequate or controversial [39] and 
therefore assisted in determining priorities for conservation. 
In case of Sardina pilchardus [33], mtDNA Cytochrome b 
sequence analyses, indicated that no strong hydrographica! 
or environmental factors acted as sub structuring force in the 
Adriatic population of the fish and so from a fishery man-
agement perspective, the conclusions gave precious demo-
graphic information to define the pattern of exploitation of 
this fish species. The Cytochrome b fragment will be a 
promising marker to determine distribution and pattern of 
genetic variation across wide native distribution of C. 
marulius. Information on genetic stocks developed in the 
process will be useful to plan stock specific strategies for 
conservation and management of wild populations of 
C. marulius. Nevertheless, the utility of mtDNA Cytochrome 
b fragment in determining genetic divergence of wild pop-
ulation of C. marulius is proved beyond ambiguity. 
Acknowledgments The authors thank Sh. A.K. Pathak (Seientisi 
and OIC ARIS Cell, NBFGR) for providing the locality map. 
Excellent technical cooperation from Sh. Akhilesh Mishra. Sh. Rajesh 
Kumar and Sh. R.S Sah is duly acknowleaged. 
References 
1. Munro ISR (1955) The marine and freshwater fishes of Ceylon. 
Dept. Ext. Affairs, Canberra, 348 pp, 56 pis 
2. Bardach JE, Ryther JH, McLamey W (1972) Aquacukure: the 
farming and husbandry of freshwater and marine organisms. 
Wiley, New York, 867p 
3. Talwar PK, Jhingran AG (1992) Inland fi.shes of India. Rec Ind J 
3:19-24 
4. CAMP (1998) Report of the workshop conservation assessment 
and management plan (CAMP) for freshwater fishes of India. 
Organized by Zoo Outreach Activity and National Bureau ol Fish 
Genetic Resources, Lucknow 
5. Lecomte F, Grant WS, Dodson JJ, Rodriguez-Sanchez R. Bowen 
BW (2004) Living with uncertainty: genetic imprints of climate 
shifts in east Pacific anchovy (Eiignmlis morcla.\) iind sardine 
(Sardinops sagax). Mol Ecol 13:2169-2182 
6. Fontana F, Conterio F, Gandolfi G, Tagliavini J, Rosenthal H. 
Bronzi P, McKenzie DJ (2007) Mitochondrial DNA sequences of 
6 sturgeon species and phylogenetic relationships within Aci 
penseridae. J Appl Ichthyol 15(4-5): 17-22 
7. Pages M, Desse-Berset N, Tongard C, Brosse L, Hanni C, Berrcbl 
P (2009) Historical presence of the sturgeon Acipenser sturio in 
the Rhone Basin determined by the analysis of ancient DNA 
cytochrome b sequences. Conserv Genet 10:217-224 
8. Murray WB, Wang JY, Yang SC, Stevens JD, Fisk A, Svavarsson 
J (2008) Mitochondrial cytochrome b variation in sleeper sharks 
(Squaliformes: Somniosidae). Mar Biol 153:1015-1022 
9. Oleinik AG, Skurikhina LA, Brykov VA (2007) Divergence of 
Salvelinus sp from north eastern Asia based on mitochondrial 
DNA. Ecol Freshw 16:87-98 
10. Bouza C, Vilas R, Castro J (2008) Mitochondrial haplotype 
variability of brown trout populations from north-western Iberian 
Peninsula, a secondary contact area between lineages. Conserv 
Genet 9:917-920 
11. Daemen E, Cross T, Ollevier F, Volckaert FAM (2001) Analysis 
of genetic structure of European eel (Anguilla anguilla) using 
microsalellite DNA and mtDNA markers. Mar Biol 139:755-764 
12. Fayazi J, Moradi M, Rahimi G. Ashtyani R, Galledari H (2006) 
Genetic differentiation and phylogenetic relationships among 
Burbus xanihopierus (Cyprinidae) populations in .south west of 
Iran using mitochondrial DNA markers. Pak J Biol Sci 
9(12):2249-2254 
13. So N, VanHoudt JKJ. Volckaert FAM (2006) Genetic diversity 
and population history of the migratory calfishes Pangasianodou 
hypophthalmus and Pangasius bocourii in the Cambodian Me 
kong River. Fish Sci 72:469-476 
14. Hsu KC, Shih NT, Ni HI, Tsao Shao K (2007) Genetic variation 
in Trichiurus lepturus (Perciformes: Trichiuridae) in water of 
Taiwan; several species or cohort distribution? Raffles Bull Zool 
14:215-220 
15. Brown J, Stapien CA (2008) Ancient divisions, recent expan-
sions: phylogeography and population genetics of the round Gobi 
Appolonia melanostoma. Mol Ecol 17:2598-2615 
•fiSpri nger 
Mol Biol Rep 
16 Abol Munah AB, Ambok MA Ismail P, MmhTam B (2007) 28 
Molecular data trom the cytochrome b for the phylogeny of 
Channidae (Channa sp) m Malaysia Biotechnology 6(1) 22-27 
17 Li X, Musikasinthom P, Kumazawa Y (2006) Molecular phylo 
genetic analysis of snakeheads (Perciformes Channidae) using 29 
mitochondnal DNA sequences Ichthyol Res 53 148-159 
18 Hanitfa MA Nagarajan M Gopalakrishnan A, Basheer VS 
Muneer A (2006) Genetic variability of Channa punctatus pop 30 
ulations using randomly amplified polymorphic DNA Aquae Res 
37 1151-1155 
19 Hanniffa MA Nagarajan M Gopalaknshnan A, Musammilu KK 31 
(2007) Aliozyme vanation in threatened freshwater hsh spotted 
Murrel (Channa punciaius) m south Indian nver system Bio 
chem Genet 45(3/4) 363-373 
20 Ponniah AG Sarkar UK (2000) Fish biodiversity of north east 32 
India NBFGR-NATP Publ 2 24-25 
21 Abdul Muneer PM, Gopalakrishnan A, Musammilu KK, Mo 
hindra V Lai KK, Basheer VS, Lakra WS (2009) Genetic van 
ation and population structure of endemic yellow catfish, 33 
Horahagrus hrachysoma (Bagndae) among three populations of 
Western Ghat region using RAPD and microsatelhte markers 
Mol Biol Rep 36 1779-1791 
22 Ruzzante DE Taggart CT, Cook D (1996) Spatial and temporal 34 
vanation in the genetic composition of a larval cod (Gadus 
morhiia) aggregation cohort contribution and genetic stability 
Can J Fish Aquat Sci 53 2695-2705 
23 Kocher TD, Thomas WK, Meyer A Edwards SV, Pabo S, Vil- 35 
lablanca FX, Wilson AC (1989) Dynamics of mitochondrial DNA 
evolution in animals amplification and sequencing with con- 36 
served primers Proc Natl Acad Sci USA 86 6196-6200 
24 Thompson JD, Higgins DG Gibson TJ (1994) CLUSTAL W 37 
improving the sensitivity of progressive multiple sequence 
alignmeni through sequence weighting position specific gap 38 
penalties and weight matrix choice Nucleic acids research 
advance access Nucleic Acids Res 22 4673-4680 
25 Tamura K Dudley J Nei M Kumar S (2007) MEGA 4 
molecular evolutionary genetics analysis (MEGA) software ver 
sion 4 0 Mol Biol Evol 24 1596-1599 39 
26 Excofher LG, Schneider LS (2005) Arlequin ver 3 0 an inte 
grated software package for population genetics data analysis 
Evol Bioinformatics Online 1 47-50 
27 Ro/as J, Sanchez-Delbamo JC, Messeguer X, Rozas R (2003) 
DnaSP, DNA polymorphism analyses by the coalescent and other 
methods Bioinformatics 19 2496-2497 
Kocher 1D Conroy JA, McKaye KR Stauffer JR (1993) Similar 
morphologies of cichlid fish in Lakes Tanganyika and evolution 
edited by M H A Keenleyside Chapman and Hall Malawi are 
due to convergence Mol Phylogenet Evol 2 158-16^ 
Song CB Near TJ, Page LM (1998) Phylogenetic relationships 
among Percid fishes as inferred from mitochondrial cytochromt b 
DNA sequence data Mol Phylogenet Evol 10 343-353 
Abol Munafi AB, Ambok MA, Ismail P, MmhTam B (20()7) 
Molecular data from the cytochrome b for the phylogeny ot 
Channidae (Channa sp) in Malaysia Biotechnology 6(1) ' '2-2/ 
Apostolidis AP Tnantaphyllidis C, Kouvatsi A Economidis PS 
(1997) Mitochondrial DNA sequence vanation and phylogeog 
raphy among Salmo irutta L (Greek brown trout) populations 
Mol Ecol 6(6) 531-542 
Finne KL (2001) Phylogeographic structure of the Atlantic pup 
fish, C)pnnodon vanegatus (Cyprmodontidae), along the eastern 
coast of North Amenca Unpubhshed M S 1 hesis Virginia 
Polytechnic Institute and State University, Blacksburg Virginia 
Tint! F, di Nunno C, Guamiero I, Talenti M, Tommasini S Fabbn 
E, Piccinetti C (2002) Mitochondnal DNA sequence vanation 
suggests the lack of genetic heterogeneity in the adnatic and 
Ionian stocks of Sardina pilchardus Mar Biotechnol 4 163-172 
Marshall CRE (2005) Evolutionary genetics of barramundi (Lalei 
cakanfer) in the Australian region Unpublished Ph D Thesis 
School of Biological Sciences and Biotechnology Murdoch 
University Perth, Western Australia 
Vnjenhoek RC (1998) Conservation genetics of freshwater hsh 
J Fish Biol 53(Suppl A) 394-412 
Chondar SL (1999) Biology of fin hshes and shellfishes SCSC 
Publishers, Howrah, India 
Avise JC (1994) Molecular markers, natural history and evolu 
tion Chapman and Hall, New York 
Lakra WS Goswami M, Gopalaknshnan A (2009) Molecular 
identification and phylogenetic relationships ot seven Indian 
Sciaenids (Pisces Perciformes Sciaenidae) based on I6S rRNA 
and cytochrome c oxidase subunit 1 mitochondnal genes Mol 
Biol Rep 36 831-839 
Bowen BW, Meylan AB, Pen-an R (1992) Global population 
structure and natural history of Green Turtle [Cheloma m\da\) in 
terms of matnarchal phylogeny Evolution 46 865-881 
^ Springer 
